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This work represents significant progress in the development of a Si3N4 waveguide platform
for near infra-red wavelengths as required for 87Rb chip-scale atomic systems. The theoretical
framework provided by ray optic and electromagnetic theory have formed a basis for under-
standing waveguide phenomena. Coupled mode theory has been used to determine the micro-
ring resonator coupling coefficient. An analytical model of a micro-ring resonator has been
used to show that Q factor can be optimised by the decreasing the coupling coefficient. The
Lacey-Payne scattering model suggests that increased waveguide width and reduced index con-
trast results in decreased loss due to sidewall scattering. Q factor has therefore been optimised
by increasing waveguide width, developing a top cladding process, and operating in the under-
coupled regime. By this approach, a record high Q factor value of (1.38±0.04)×106 has been
demonstrated for buried waveguide micro-ring resonators operating around 780 nm correspond-
ing to a propagation loss of 0.261±0.009 dB cm−1. This high-Q micro-ring resonator could
serve as a frequency reference for laser frequency stabilisation but a temperature dependent res-
onance wavelength shift of 7.34 pm K−1 is expected and would require active temperature stabil-
isation to within ±25mK. Passive athermalisation of a micro-ring resonator by optimising the
thickness of polymer top cladding materials with a negative thermo-optic coeffcient has been
investigated by simulation. A significant reduction of the temperature dependent wavelength
shift of a micro-ring resonance peak has been found for PMMA and SU8 top cladding layers,
1.20 pm K−1 and 0.14 pm K−1 respectively corresponding to a required temperature stability of
±167mK and ±1.43K.
Coupling of light from a Si3N4 waveguide to collimated free-space Gaussian beam has been
considered within the context of developing an on-chip interferometer intended to measure the
displacement of a MEMS gravimeter proof-mass. The divergence of a free-space coupled Gaus-
sian beam has been determined. Taking into account the use of an SU8 spot-size converter,
the Fresnel reflectance of the SU8 waveguide, and the measured reflectance of the silicon proof
mass, the beam divergence is still found to be the dominant loss mechanism for the propaga-
tion distances involved in this application. Use of a micro-ball lens to collimate the beam was
considered using various simulation techniques, determining that the vertical positioning of the
lens would pose the greatest fabrication challenge. Processes were developed to produce SU8
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Introduction
Photonics is the scientific field concerned with the generation, manipulation, transmission, and
detection of light and is generally used to refer to instances in which light is used to fulfil a pur-
pose which has traditionally been served by electronics such as computation, data storage, and
telecommunications. Photonic transceivers are already in common usage in data centres around
the world due to the rapid development of silicon photonics in the past decade [2]. This has
been possible because silicon photonics takes advantage of the pre-existing infrastructure estab-
lished by the microelectronics industry and can be fabricated using the same tool-set. Platforms
consisting of materials which are commonplace in complementary metal-oxide semiconductor
(CMOS) fabrication techniques present less of a financial risk than a foundry dedicated to opti-
cal integrated circuits so have received much more research interest than more exotic materials
such as lithium niobate and III-V compounds like indium phosphide [3,4]. Early work on silicon
photonics for data communication was focused on the familiar telecommunication bands around
1.3 µm and 1.5 µm [5] but the successful deployment of silicon photonics in data communication
has prompted interest in miniaturised optical systems for a wide range of applications some of
which require different wavelengths to be used. The potential application of silicon photonics
beyond data communication include biosensing [6], light detection and ranging (LIDAR) [7],
optical gyroscopes [8], external laser cavities [9], and chip-scale atomic systems [10].
1.1 Optical Waveguide Platforms
There are a wide array of existing optical waveguide platforms which have been developed in
order to harness the particular properties offered by each platform. Advantageous proprieties in-
clude low propagation loss which can allow for efficient data transmission [3], low confinement
enables evanescent chemical sensing [11] while high confinement is more suitable for non-linear
applications [12], and the wavelength transparency window often determines the possible appli-
cations. Silicon-on-insulator is cheap to manufacture and the most mature platform available
but while the high index contrast allows for small bend radii it also results in relatively high
1
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scattering loss. Silicon dioxide (glass) waveguides typically utilise thin film deposition of doped
silicon dioxide or index modification methods including direct laser writing and ion implanta-
tion/exchange to define a waveguide core with low index contrast waveguide and potentially
very low propagation loss. Glass waveguides have been commercially viable but as a result of
the low index contrast, large bend radii are often required to keep losses low. As demand for
smaller transceivers in data communications increases, smaller bend radii are required and so a
waveguide platform with low propagation losses but with a high enough refractive index contrast
to produce small footprint optical devices is sought after. Silicon nitride and silicon oxynitride
waveguide platforms are poised to fulfil this requirement. There have been demonstrations of
hybrid platforms with monolithic integration of SOI, silicon nitride, and even silicon dioxide
waveguides in the same device. This approach takes full advantage of the active functionali-
ties and mature infrastructure of silicon waveguides, the low propagation losses and relatively
forgiving fabrication tolerances of silicon nitride waveguides, and the easy fibre coupling that
comes with silicon dioxide waveguides [13–16].
1.1.1 Silicon-on-insulator
Silicon-on-insulator (SOI) is considered to be the mainstream of silicon photonics [4]. This
platform consists of a crystalline silicon layer typically hundreds on nanometres thick on a layer
of buried silicon dioxide on a silicon substrate. Research on this platform has been focused on
the development of high speed transceivers for telecommunications but includes the develop-
ment of components such as micro-ring resonators, multi-mode interference couplers, arrayed
waveguide grating (de)multiplexers, and broadband grating couplers for fibre coupling [17, 18].
SOI is typically manufactured by bringing the oxidised surfaces of two silicon wafers into close
proximity, bonding these surfaces together at high temperatures, and then etching away the ex-
cess silicon from one wafer to form a waveguide core layer [19]. The compatibility of SOI with
other photonic and electronic structures is limited because SOI is manufactured at the wafer
scale from bare silicon wafers whereas waveguide platforms that utilise chemical vapour depo-
sition to produce the waveguide layers exhibit greater versatility in terms of the order in which
components can be fabricated [4]. The high index contrast between the silicon core and the
silicon dioxide cladding means that the waveguides can feature very small bend radii without
suffering from significant bending loss allowing for devices with a small footprint. The high in-
dex contrast also means that loss due to scattering at the material interface is high, ∼ 1dBcm−1
is considered low propagation loss for SOI waveguides [20–22]. SOI offers a transparency win-
dow from around 1.1 µm (due to absorption of silicon) to around 3.7 µm (due to absorption of
the silicon dioxide) [4]. Therefore SOI cannot be used as a waveguide platform for some near
infra-red or for any visible wavelengths.
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1.1.2 Silicon Dioxide
Silicon dioxide (glass) waveguides are simple to manufacture, exhibit low propagation losses,
and can be easily index-matched with optical fibre [23]. Standard glass compositions can offer a
transparency range from ultra-violet to the mid-infrared [24] and waveguide propagation loss of
about 0.06 dB cm−1 has been demonstrated at 777 nm [25] and at 1.5 µm wavelength [26]. The
high index core layer can be deposited using physical methods including evaporation, sputtering,
and pulsed vapour deposition and chemical methods such as chemical vapour deposition, flame
hydrolysis, and spray pyrolysis [23]. Channel waveguides can subsequently be defined using
lithography and etching techniques similar to the other waveguide platforms discussed here.
Etching of waveguide channels inevitably introduces sidewall roughness to waveguides but the
low index contrast inherent to this platform means that the resulting scattering loss is relatively
low. Glass waveguides also offer the possibility of defining the waveguide core instead by
modifying the index of a glass by selective irradiation (ultraviolet or femto-second lasers) or by
ion diffusion (ion exchange at low energies and ion implantation at high energies) [23]. Index
modification methods avoid the issue of sidewall scattering altogether but these can be quite
specialised process generally not considered to be CMOS compatible. The major limitation of
glass waveguides is the radiative bend losses resulting from the low index contrast which lead
to large minimum bend radii.
1.1.3 Silicon Nitride On Silicon Dioxide
Silicon nitride exhibits low absorption down to wavelengths of∼ 400nm and is commonly used
in CMOS fabrication as an insulation layer [27]. Low pressure chemical vapour deposition
(LPCVD) performed at high temperature (> 700◦C) and plasma enhanced chemical vapour de-
position (PECVD) at low temperatures (< 400◦C) are used to form silicon nitride films. LPCVD
typically results in films close to stoichiometric Si3N4 and offers precise control of film thick-
ness and refractive index [4]. Early adoption of the platform came in 1993 in the form of
bio-photonics research with one of the earliest silicon nitride waveguide devices being a Mach-
Zehnder interferometer immunosensor operating at a wavelength of 632.8 nm [28]. The silicon
dioxide top cladding was etched away to provide recesses for the application of the analyte di-
rection to the silicon nitride waveguide cores, the optical mode then interacts evanescently with
the analyte resulting in a detectable phase change. In 2005 there were papers published [29]
detailing the development of low loss (∼ 0.1dBcm−1) silicon nitride waveguides operating in
the near infra-red C-band (∼1550 nm). This was the beginning of an era in which a lot of
research was conducted in order to reduce waveguide loss at around 1500 nm wavelength for
moderately confined (film thickness > 100nm) silicon nitride waveguides [30]. The Defense
Advanced Research Project Agency (DARPA) funded research at the University Of Santa Bar-
bara which, in collaboration with LioniX, led to the demonstration of record low propagation
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losses of 0.045 dB m−1 for low confinement waveguides (films < 100nm) at 1580 nm in 2011.
High confinement waveguides (films > 400nm) offer an alternative route for achieving low loss
(0.13 dB m−1) by reducing the interfacial scattering and are of particular interest for non-linear
optics applications because silicon nitride exhibits a high Kerr non-linearity and anomalous
group velocity dispersion can be realised for thick films [12, 31]. Due to the high tensile stress
of LPCVD Si3N4, deposition thickness is typically limited to around 250nm without cracks
forming in the film, this limitation has been overcome utilising temperature cycling and anneal-
ing to fabricate films up to 744 nm thick without cracks forming [32]. The photonic Damascene
process has also been used to fabricate silicon nitride waveguide cores up to 1.35 µm thick by
depositing silicon nitride into trenches etched in silicon dioxide [33].
1.2 Passive Components
An optical waveguide can be formed simply by depositing a transparent material with a higher
refractive index than glass on a oxidised silicon substrate. There are several waveguide geome-
tries which have proved to be popular, these geometries are shown in Figure 1.1 [34]. This work
is focused on ridge/wire waveguides and buried waveguides. With these simple geometries,
numerous passive optical components have been developed to serve a wide array of functions.
Perhaps the simplest of these is a curved waveguide. Waveguides with curves are required to
direct light where it is required without abrupt junctions or discontinuities. Bends which are
too tight can result in high radiative losses or significantly increased sidewall scattering [3]. A
Y-branch can be used as either a splitter (with one input and two outputs) or combiner (with
two inputs and one output) and if it designed to be symmetric, can reliably split light 50/50%
(excluding excess loss) [35]. By attaching the outputs of a splitter to the inputs of a combiner,
a simple Mach-Zehnder interferometer can be formed. By altering the phase of one of the two
paths between the splitter and combiner, either by active phase modulation or by altering the
length of one of the paths, the intensity of the interferometer output can be determined. The
difference in path length can be predetermined by design or changed dynamically by thermal
tuning.
Multi-mode interference (MMI) couplers and arrayed waveguide gratings (AWG) are com-
monly used components in data communications. MMIs present a versatile way of splitting
or combining a potentially large number of inputs or outputs by determining how eigenmodes
of the injected mode will interfere in a large multi-mode section of waveguide and positioning
the desired number of single mode waveguides such that they collect light from the resulting
interference pattern [36]. AWGs are used as (de)multiplexers to combine (or separate) different
wavelengths which are to be (or have been) transmitted in one waveguide or optical fibre [37].
These operate similarly to MMIs but take advantage of the principle that dissimilar wavelengths
will not interfere in order to separate out wavelengths. This work is focused on micro-ring
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Slab Ridge/Wire Buried
Rib Diffused Strip-Loaded
Figure 1.1: Schematic representation of common waveguide cross-section geometries. The
waveguide is formed in the green region while the surrounding material acts as a cladding or
substrate.
resonators and evanescent couplers and so only these components will be discussed in depth
here.
1.2.1 Evanescent Couplers
Evanescent (or directional) couplers consist of two adjacent parallel waveguides close enough
together that the evanescent field of a mode propagating in one waveguide interacts with the
other waveguide allowing light to couple between the two. The extent of this power coupling
is periodic and a function of the length of the coupler, the wavelength, polarisation state, and
the difference in the effective indices of the coupled modes (this is explained further in Sec-
tion 2.3). For highly confined waveguides, the required gap spacing can be very small and so
y-splitters and MMIs would often be used instead because they can be more fabrication tolerant.
Evanescent couplers can however be designed in order to take advantage of their wavelength and
polarisation dependence allowing for light to be separated accordingly based on wavelength or
polarisation [38, 39], couplers can even cascaded in order to achieve the desired effect. Evanes-
cent couplers are used in this work to couple light into and out of micro-ring resonators via bus
waveguides.
1.2.2 Micro-ring Resonators
A micro-ring resonator is an optical waveguide that forms a closed loop allowing light to circu-
late and resonate if the optical path length is equal to a integer number of wavelengths. They are
commonly used as filters, delay lines, and switches [40] and have been demonstrated to serve as
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an integrated laser cavity coupled to a gain medium [41] and an external cavity frequency ref-
erence for a diode laser [42]. Silicon-on-insulator micro-ring resonators with Q factors as high
as 1.1× 106 have been demonstrated [43]. High Q factors have been demonstrated with high
confinement and low confinement silicon nitride waveguides with published Q factor values of
6.7×107 [12] and 8.1×107 [44] respectively. These high-Q factors are found using micro-ring
resonators designed to operate at wavelengths around 1.5µm. Higher Q factors are expected at
higher wavelengths because of the dependence of scattering loss on wavelength, this is discussed
in detail in Section 2.4.
Micro-ring resonators can be a useful tool for characterising the performance of a waveguide
platform. By measuring the transmission spectrum and determining the resulting free spectral
range of a series of micro-ring resonators with different lengths, the waveguide group index can
be found [40]. Waveguide propagation loss can be determined from a single measurement of a
micro-ring resonator transmission spectrum by fitting the appropriate transmission equation (see
Chapter 4) to the transmission spectrum if the coupling coefficient value(s) are known explicitly
or can be inferred to have a particular value [45]. Another approach is to take advantage of the
wavelength dependence of an evanescent coupler. A broadband transmission spectrum including
many resonance peaks is recorded and the transmission equation is fit to each resonance peak
returning coupling and loss coefficients. The coupling coefficient is sinusoidal with wavelength
while the loss coefficient should vary only slightly and so by examining the fits of multiple
resonance peaks across a range of wavelengths, the two parameters can be distinguished [46].
The majority of research into silicon nitride micro-ring resonators has been concerned with
applications in telecoms and so has been focused on operation around 1.3 µm and 1.5 µm. There
are however many potential applications for micro-ring resonators which would require oper-
ation at shorter wavelengths, these include label-free biosensors [47], frequency comb gener-
ation [48], generation of entangled photon pairs [49], and chip-scale atomic systems utilising
atomic transitions to realise devices such as atomic clocks [10, 50, 51] and quantum effects
metrology references [52].
1.3 Chip-scale Atomic Systems
Atomic spectroscopy presents a method of providing a high precision frequency reference.
Trapped atoms are well defined quantum systems quantified by fundamental natural constants.
Alkali atoms with only one valence electron are typically used for three main reasons: the first is
that the high vapour pressure results in strong spectroscopic signals; the second is the GHz range
hyper-fine ground state transitions can be characterised with standard RF electronics; the third is
that they have electronic band structures and optical absorption cross-sections which allows for
efficient optical pumping and absorption spectrum characterisation using lasers [10]. Rubidium
vapour is well suited for an optically probed atomic system because the energy band structure

























Figure 1.2: The energy level structure of 87Rb. The D1 and D2 electron transitions are of
particular interest for optically probed atomic systems.
of 87Rb includes an electron transition from the S1/2 ground state to the P3/2 excited state which
can be excited by a 780.241 nm light source and an electron transition from the S1/2 to P1/2 state
which can be excited by a 794.978 nm light source [10, 53] (see Figure 1.2).
Traditional atomic systems rely upon free space beams and bulk optical components. Replac-
ing these optical systems with an integrated photonics platform such as silicon nitride waveg-
uides can result in increased manufacturability and reduced overall size, leading to chip-scale
atomic systems [10]. The evolution of micro-electro-mechanical systems (MEMS) processing
techniques has allowed for the realisation MEMS 87Rb vapour cells which can be integrated on
chip [54]. These cells typically consist of glass-silicon-glass assembled by anodic bonding. A
“pill” of an alkali metal is placed within an etched through chamber in silicon bonded to the
bottom layer of glass, the top glass layer is put in place and the assembly is either evacuated or
filled with a buffer as the top layer is anodic bonded. The 87Rb is then vaporised by laser abla-
tion. The vaporised 87Rb can then be excited using a diode laser on chip such as a distributed
feedback DFB diode laser [55]. The diode laser could be frequency stabilised using a high Q
factor micro-ring as the frequency discriminator [42].
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1.4 Aims Of This Thesis
The goal of the work detailed in this thesis was to develop a waveguide platform consisting of
a silicon nitride waveguide core, a silicon dioxide bottom cladding, and a silicon dioxide top
cladding that would be compatible with a wavelength of 780.241 nm and thereby further the
development of a chip-scale atomic system based upon the D2 transition of 87Rb atoms. In the
course of developing this platform, the main focus has been on optimisation of two figures of
merit, the micro-ring Q factor and the waveguide propagation loss (dB cm−1). This optimisation
has been achieved by reducing the sidewall scattering induced propagation loss and increas-
ing the coupling gap spacing so as to operate in the under-coupled regime of the micro-ring
resonators. Potential application of a micro-ring resonator as a frequency reference has been
explored by investigating the thermal dependence of the micro-ring resonance and the possibil-
ity of reducing this dependence by thermo-optic coefficient engineering. Applications of this
waveguide platform have been explored further with some progress towards the development of
a free-space coupled interferometer for displacement sensing of a MEMS gravimeter.
A brief outline of the remaining chapters in this thesis is as follows:
Chapter 2: Waveguide Theory
Ray optic and electromagnetic theory are used to explain waveguide behaviour and provide
the required background knowledge for a discussion of coupled mode theory. An analytical
solution for the coupling coefficient of the micro-ring resonators characterised in this work is
derived from coupled mode theory. The Lacey-Payne scattering model is also introduced as a
means of predicting the sidewall scattering induced propagation loss.
Chapter 3: Waveguide Simulation
The waveguide dimensions and material properties are simulated using a finite difference eigen-
mode solver in order to determine appropriate thicknesses for the material layers and appropriate
widths for the waveguide core such that the fundamental waveguide mode is supported. The ra-
diative bend loss is found to be a negligible factor, the Lacey-Payne model is used to predict
scattering loss, and the eignemode expansion simulation tool is also introduced.
Chapter 4: Ring Resonator Analytical Modelling
The performance of micro-ring resonators is modelled analytically. This results in the derivation
an equation representing the normalised power transmission of an all-pass micro-ring resonator
to which the micro-ring resonator transmission spectra can be fit in order to determine the waveg-
uide propagation loss. The Q factor, peak amplitude, and slope gradient of the resonance peak
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are examined in the under, over, and critically coupled regimes leading to the conclusion that
the Q factor can be optimised by operating in the under-coupled regime.
Chapter 5: Waveguide Process Development And Fabrication
The design, material deposition, and processing of sample devices is explained in detail. The
design is created using Python-3 based Nazca Design™ and prepared for electron beam lithog-
raphy using a series of software tools. The bottom cladding is grown by wet thermal oxidation,
the core layer is deposited by low pressure chemical vapour deposition, and the top cladding is
deposited by plasma enhanced chemical vapour deposition. Hydrogen silsequioxane is used as
the electron beam lithography resist and as an etch mask. The waveguide pattern is then ecthed
using trifluoromethane reactive ion etching. Waveguide facets are prepared either by cleaving
the sample or by diamond saw and polishing prior to device characterisation.
Chapter 6: Ring Resonator Characterisation
Micro-ring resonators are characterised by recording their transmission spectra using a tunable
Ti:sapphire laser. A least squares fit of a Lorentzian distribution and of the normalised power
transmission is used to determine the Q factor and waveguide propagation loss respectively. A
record high Q factor is found for buried silicon nitride waveguides at near infra-red wavelengths.
Utilisation of this high Q micro-ring resonator as a frequency reference for laser frequency
stabilisation is discussed.
Chapter 7: Athermalisation Of Micro-ring Resonators
The temperature dependence of the micro-ring resonance peak position is investigated by simu-
lation. A top cladding material with a negative thermo-optic coefficient can be used to counteract
the positive coefficients of the core and bottom cladding layers. The thermo-optic coefficients
of candidate polymer top-cladding layers are found experimentally. The optimum temperature
stability that could be realised using these top cladding layers is found by simulation.
Chapter 8: Free-space Coupled Interferometer Development
A means of coupling light from the silicon nitride waveguide to free-space is investigated in
the course of developing an interferometer to be used to measure the displacement of a MEMS
gravimeter proof-mass. An inverse taper spot-size spot-size converter is designed using the
eigenmode expansion solver. Divergence of the free-space Gaussian beam is modelled analyti-
cally leading to the conclusion that a collimating lens is required. The alignment tolerance of a
micro-ball lens is determined using ray transfer matrix analysis and the finite difference eigen-
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mode solver. The development of fabrication processes required for the spot-size converter and
lens alignment is detailed and their future development is discussed.
Chapter 9: Conclusions And Future Work
The main conclusions of the thesis are summarised and the conclusions of each chapter are
given in detail. Future development of the silicon nitride waveguide platform is discussed. Spe-
cific work that had be planned out but could not be completed within the scope of this work
are addressed in detail, in particular Pound-Drever-Hall laser frequency stabilisation and the
development of a Sagnac effect resonant micro-optic gyroscope have been considered.
Chapter 2
Waveguide Theory
This chapter explains the underlying theory and background knowledge required to design pla-
nar optical waveguides. The transcendental equations describing the behaviour of light at the
material boundaries of the planar waveguides are derived using ray optics in Section 2.1 and
electromagnetic theory in Section 2.2. This provides the foundation for the derivation of the
coupling coefficient of a directional coupler by means of coupled mode theory which is then
adapted to the geometry of a circular micro-ring resonator in Section 2.3. Radiation loss due to
scattering at the material boundaries is expected to be a dominant loss mechanism in this work
and so the well established Lacey-Payne scattering model is introduced in Section 2.4.
2.1 Ray Optics
The refractive index of a material n quantifies how much light is slowed when it propagates in














. The behaviour of a ray of light propagating in a medium with
refractive index n1 as it is incident, at an angle θ1 from normal incidence, upon the bound-
ary between that material and another with a refractive index n2 can be described using Snell’s
law [56], see Figure 2.1,
n1 sinθ1 = n2 sinθ2, (2.2)
where θ2 is the angle of refraction of the transmitted light. If n1 is higher than n2 then there is






For θ1 > θc, all of the light is reflected from the interface, this is called total internal reflec-
11








Figure 2.1: A beam of light, Ei, is incident upon a boundary between a material 1 with a refrac-
tive of n1 and a material 2 with refractive index n2. If the light is incident at an angle θ1 relative
in normal incidence then a reflected beam, Er, would also form an angle of θ1 from normal. A
beam which is transmitted into material 2 would form an angle θ2 from normal to material 2.
The relationship between n1, n2, θ1, and θ2 is given by Snell’s law in Equation 2.2
tion. If we introduce a second interface below the first, between the material with index n1 and
a new material with index n3 > n1, typically n3 ≈ n2, then light will be continuously reflected
within the material with refractive index n1 (see Figure 2.2) and this is a simple example of a
waveguide. Some fraction of the incident light field amplitude Ei is reflected Er at the bound-
ary while some is transmitted Et . The fraction of the light amplitude reflected is the reflection
coefficient given by
Er = rEi (2.4)
where r is the complex reflection coefficient. This depends on the polarisation of the light as
well as the angle of incidence. A propagating electromagnetic wave is described as a transverse
electromagnetic wave (TEM). The transverse electric (TE) polarisation is the case in which the
electric field is perpendicular to the plane of incidence, i.e. parallel with the material bound-
ary, while for the transverse magnetic (TM) polarisation, the magnetic field is perpendicular to
the plane of incidence. The reflection coefficients are given by the Fresnel formulae. The TE
reflection coefficient is given by [3, 57]
rTE =
n1 cosθ1−n2 cosθ2
n1 cosθ1 +n2 cosθ2
(2.5)




















Figure 2.2: Total internal reflection within a waveguide. The waveguide is formed by a core,
material 1, with refractive index n1 with top cladding layer, material 2, with refractive index n2,
and bottom cladding layer, material 3, with refractive index n3. The refractive index n1 must be
lower the refractive indices n2 and n3.
The TM reflection coefficient is given by
rTM =
n2 cosθ1−n1 cosθ2
n2 cosθ1 +n1 cosθ2
(2.7)











For angles of incidence greater than the critical angle, r is complex and for both the TE and TM










= e−i2α = eiφ . (2.9)
where a is the real part and b is the imaginary part of complex numbers with the argument (polar
angle) ±α . The reflection coefficient is expressed as an exponential function where φ = −2α





























Up until this point the light has been considered simply as a ray indicating the direction of
propagation. However, this light is comprised of electric E and magnetic H fields that can be
represented by
E = E0 exp [i(kx±ωt)] (2.13)
and
H = H0 exp [i(kx±ωt)] (2.14)
respectively. Here, x is the direction of propagation, and the phase of the wave is given by,
φ = kx±ωt. The phase of the wave is a function of both time and distance. The derivative of
phase with respect to time is ∣∣∣∣∂φ∂ t
∣∣∣∣= ω = 2πν (2.15)
where ω is the angular frequency (rad s−1) and ν is the frequency (Hz) of the light wave. The









If the propagation constant of a free space light wave is designated as k0, then the propagation
constant for light travelling in a medium is given by
k = n1k0 (2.18)





The orthogonal components of the wave-vector can be found simply using trigonometry, see
Figure 2.3, to be
h = n1k0 cosθ1. (2.20)
and
β = n1k0 sinθ1 = neffk0 (2.21)





Figure 2.3: Orthogonal components, h and β , of the wave-vector, k, can be found using
trigonometry.
where




is the effective index of the waveguide. This parameter is often a very useful waveguide charac-
teristic to consider.
The wave component travelling in the y direction, see Figure 2.2, reflects from each interface
and forms a standing wave under certain conditions. The total phase shift of the wave component
in the y direction upon completing one round trip in a waveguide of height 2b, is given as
φRT = 4k0n1bcosθ1−φt−φb = 4hb−φt−φb (2.23)
where φt and φb are the phase shifts resulting from the reflections from the top and bottom
interfaces respectively [3]. The standing wave condition is satisfied when the total phase shift
upon completing the round is equal to an integer multiple of 2π , i.e.,
4hb+2lπ = φt +φb (2.24)
where l is an integer. Because of this, there are discrete angles θi for which this condition can
be satisfied. These solutions are the modes of propagation and the integer l is the mode number.
For a TE mode, the phase change upon reflection, φt,b, is given by Equation 2.11 and so this
becomes



















which is a transcendental equation known as the eigenvalue equation.
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2.2 Electromagnetic Theory
The behaviour of light waves are described by the electromagnetic model underpinned by the
Maxwell equations which relate the electric E (V m−1) and magnetic H fields (A m−1) with the
charge (C m−2) and current densities (A m−2), ρ and ~J respectively. These can be expressed as
~∇ ·~D = ρ (2.26)




~∇× ~H = ~J+ ∂D
∂ t
(2.29)
where ~D = εm~E is the electric flux density, ~B = µm~H is the magnetic flux density, and ~J = σ~E is
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Now we have an expression of the spatio-temporal evolution of an electric field. This can be






and by assuming that the resistivity and conductivity are equal to zero (ρ = σ = 0) and so














































































However, this is a general solution which can describe a transverse electromagnetic (TEM) field
propagating in any direction. For the case of a TE polarised wave oriented in the y direction










which has the solution
Ey = Ey(z)e−iβxeiωt . (2.40)
This describes the waves polarised in the y-direction propagating in the x-direction sinusoidally
with time but does not describe the behaviour of the waves behaviour in the z-direction. To do










































where ni has a subscript referring to the particular material that it corresponds to, i.e. i = 1,2,3
with reference to Figure 2.2. So there is a particular form of Equation 2.40 for each material.
For a waveguide core of height 2b, as in Section 2.1, with boundary conditions −b≤ z≤ b, the
y component of the electric field in the core can be represented as
Ey(z) = E1e[−ihz] for −b≤ z≤ b, (2.45)
in the top cladding as
Ey(z) = E2e[−p2(z−b)] for z≥ b, (2.46)
and in the bottom cladding as
Ey(z) = E3e[p3(z+b)] for z≤−b (2.47)






β 2− k2n22 (2.49)
p3 =
√
β 2− k2n23. (2.50)
The boundary conditions require that Ey and
∂Ey
∂ z are continuous, which is satisfied by these
equations. This general solution is expressed as an exponential function. The even mode so-
lutions take the form of cosine functions while the odd mode solutions take the form of sine
functions. Upon inspection of Equations 2.46 and 2.47, it is clear the these solutions of the wave
equation require the argument of the exponential function to be real and negative, taking the
form of exponential decay known as the Beer-Lambert law, hence the definition of decay con-
stants p2 and p3. However, the solution to the wave equation for the waveguide core (Equation
2.45) requires the argument of the exponential function to be imaginary and negative, taking the
form of complex exponential function which can be decomposed into cosine and sine functions
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by use of Euler’s formula. This seems to contradict the ray optics model of waveguides because
the fields propagate in the cladding to some extent, determined by their exponential decay, in-
stead of being reflected at the material boundary. This decaying field is known as the evanescent
field.
Considering the boundary conditions, the Ey fields given by Equations 2.45, 2.46, and 2.47
are equal at the boundaries z =±b. Therefore at z = b,
E2 = E1 exp [−(ihb)], (2.51)
where h is once again the propagation constant of the waveguide core. The fundamental mode
is an even function and so is represented by the cosine function. In the case of the fundamental
mode, Equation 2.51 can be rewritten as
E2 = E1 cos(−hb+φ). (2.52)
Similarly, at z =−b
E3 = E1 cos(hb+φ) (2.53)


























which means there are now two expressions for both E2 and E3. Equating these expressions
gives









which can be rearranged to give


























Figure 2.4: The point of reflection at the boundaries between material 1 and materials 2 and 3
appears to shift by a quantity SGH2,3 . The penetration depth is determined using the Beer-Lambert
law and this allows the shift to be determined using trigonometry. The orthogonal propagation
constants for the core, β and h, can then be substituted for tanθ1.
respectively, where l is again an integer representing the mode number. Adding Equations 2.58
and 2.59 together gives










where lπ is left instead of 2lπ because the tangent function is periodic in π . This provides
another form of the eigenvalue equation found in Equation 2.25.
The electromagnetic and ray optics approaches are used concurrently by considering the
effect of the fields penetration depth upon the point of reflection of a ray. According to the Beer-
Lambert law, the penetration depth of an electromagnetic field in a material is the inverse of its
decay constant. This results in a lateral shift of the point of reflection know as the Goos-Hänchen










where subscripts, 2 and 3, correspond to the material in which the point of reflection occurs.
2.3 Coupled Mode Theory
The mode-coupling between pair of straight waveguides 1 and 2, see Figure 2.5, can be described
by the mode interference between the even mode (the first order mode of the coupled system
shown by the dotted line) and the odd mode (the second order mode of the coupled system








Figure 2.5: The coupled super-mode of two nearby and parallel waveguides. The even mode
is represented by the solid line and the odd mode by the dashed line. As the odd mode falls
out of phase with the even mode, light couples from the fundamental mode of waveguide 1 to
the fundamental mode of waveguide 2. At the cross-over length, Lc, the light has completely
coupled from the waveguide 1 TE0 mode to the waveguide 2 TE0 mode.
shown by the solid line) [58, 61]. This is represented by
Ey(x,z) = Ee(z)exp(−iβex)+Eo(z)exp(−iβox). (2.62)
Light inject into waveguide 1 excites the even and odd coupled modes. As light couples from
waveguide 1 to waveguide 2 this can be considered as a phase shift of the odd mode expressed
as [58]
|Ey(x,z)|= |Ee(z)+Eo(z)exp[i(βe−βo)x]| (2.63)
where the phase shift of the odd mode is given by βe−βo. By definition, complete crossover











where Lc is the crossover length, h is the perpendicular propagation constant and β is the par-
allel propagation constant of an isolated waveguide, and he,o is the perpendicular propagation
constant of the even mode in the case of light coupling from the even mode into the odd mode
or the propagation constant of odd mode in the case of light coupling into the even mode.
Another way to express the coupling coefficient of two coupled waveguides to use the Mar-
catili method [58, 62] and subsequent improvements that have been made to this approach [61].














Figure 2.6: In the Marcatili method, a coupled pair of three dimensional rectangular waveguides
with refractive index n1 are represented as two orthogonal slab modes. The y oriented slab mode
has width 2d and the z oriented slab mode
A pair of rectangular waveguides are each approximated as a two overlaid slab waveguides, one
oriented in the y-direction and the other in the z-direction. The assumption made when using
this approach is that any electromagnetic fields in the shaded area can be neglected. Referring
to the waveguide geometry in Figure 2.6, for the Emlz mode (the electric field is oriented in the
z-direction and m, l are the y, z mode numbers), the eigenvalue equation for the variation in the
y-direction is [61, 62]












where γ = iπ2 for the even mode and γ = 0 for the odd mode. For the E
ml
z mode, reflection
from the waveguide sidewall at y = ±a is “TE-like” because the electric field is parallel with
the sidewalls. For the Emly mode, reflection from the sidewalls is “TM-like” because the electric
field is no longer parallel with sidewalls but instead with the top and bottom of the waveguide
and the Hmlz mode is now parallel with the sidewalls. The resulting eigenvalue equation for the
Emly in the y direction is [61, 62]
















where γ = iπ2 for the even mode and γ = 0 for the odd mode. To solve this equation to first order
in
u = exp(−2p5d), (2.67)
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h can be expended to give





u = h0 +h′u (2.68)
where h0 is introduced for the time being as the perpendicular propagation constant of an isolated
waveguide, u = 0 indicates an isolated waveguide. Lagrange notation is also introduced to
represent a derivative with respect to u, this will make the following equations less unwieldy. To


































































Considering Equations 2.48, 2.49, and 2.50, the following relationship is found




k20 for i = 4,5 ∀u (2.70)




h′ for i = 4,5 ∀u. (2.71)
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for the even (-) and odd modes (+). All the propagation constants in this equation have a sub-
script 0 to indicate they are for an isolated waveguide, henceforth this will be assumed and
the subscripts will be neglected. Considering Equation 2.64 to first order in exp(−2p5d), the

















































for an Emly TE mode. The coupling coefficient for an E
ml
z TE mode would be derived from
Equation 2.65 instead of Equation 2.66 and the result would be the same as Equation 2.74 but
without the refractive index terms resulting in a simpler expression. This is one of the many
solutions for the coupling coefficient between two straight and a parallel waveguides found
either by the overlap integral method [58, 59, 63, 64], by calculation from the propagation of
the even and odd coupled modes of a waveguide pair [61, 62], or even by a ray optics approach
[65]. A common feature in these solutions is the exponential decay as a function of the gap
spacing, exp(−2p5d), which is crucial for applying this to the particular case wherein the second
waveguide is a completely circular micro-ring.
Following the approach outlined in [59, 64], the coupling between a straight bus waveguide
and a circular ring resonator can be given by integrating the coupling as a function of waveguide






where s(x) is the separation between a straight bus waveguide and a circular micro-ring, and
∆β is the difference between the propagation constants of the coupled modes. The separation
between a bus waveguide and a micro-ring resonator of radius r is given the separation at the
closest point, s(x = 0) = 2d, and the additional separation caused by the curve of the micro-ring
for x 6= 0. [59, 64]










Substituting this into the exponential dependence of the coupling coefficient gives
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and this means that the coupling coefficient as a function of x is now given by










The phase mismatch, ∆β = β1− β ′2(x), is the given by the difference between the propaga-
tion constants of the bus waveguide propagation constant, β1, and the parallel component of
the micro-ring propagation constant, β ′2(x). The parallel component of micro-ring propagation
constant is given by [59]
β
′







and so this allows Equation 2.78 to be re-written to include the effect of the phase mismatch
from the curved waveguide of the micro-ring
















This coupling coefficient between two parallel waveguides is taken as κ‖ from Equation 2.64 and
β1,2 is taken to be the even and odd coupled modes, βe,o, of a coupled pair of parallel waveguides.
Recalling that p5 =
√
β 2−n25k2, the final expression is found for the coupling coefficient from
a bus waveguide to a micro-ring resonator, expressed in terms of the propagation constants of



















This solution maintains generality by virtue of the exponential form. Even modes such as the

















There has been extensive work conducted to derive an analytical model of waveguide scattering
loss due to surface roughness [66–70]. In that work it has been shown that the radiation loss of









R̃(β −n2k0 cosθ)dθ (2.83)













Figure 2.7: The geometry and index profile of a simple two-dimensional waveguide used to
derive a model for scattering loss. The waveguide core has width of 2a with material boundaries
at y = a and y =−a.
where E2TE0(a) is the normalised power of light propagating in the TE0 mode between the ma-
terial boundaries at y = a and y =−a such that
∫
∞
−∞ E(y) dy = 1, R̃(β −n2k0 cosθ) is the spec-




the scattering angle between the wave-vector of light propagating in the cladding and its x-
component, β [66–68, 70]. The spectral density function can be expressed in terms of an auto-






where R(u) is the auto-correlation function of the roughness function f (x) defined by the corre-
lation length, Lc, and mean square deviation, σ2, such that
R(0) = σ2. (2.85)
Auto-correlation functions of a Gaussian and exponential form are commonly used [66, 68] to








However, it has been shown [68, 70] that sidewall roughness of waveguide features in etch
masks written by electron beam (and by laser) can be best described by an exponential auto-
correlation function. Lorentzian and Gaussian distributions were fit to the spectral density func-
tion and the Lorentzian provided the better fit and so this means that the exponential form of the
auto-correlation function provides the better model of the surface roughness [66]. The integral
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Equation 2.83 was deemed by the original authors [66] to provide insufficient insight for the
waveguide designer and so an alternate form was sought after, one which could be expressed in
terms over which the designer has control such as n1, n2, a, k0, σ , and Lc. Normalised waveg-
uide parameters U , V and W are defined in terms of parameters determined by the waveguide












Dimensionless parameters are also introduced to simplify Equation 2.83 and express it in a form
where the function g(V ) describes the behaviour due to the waveguide geometry and f (χ,γ)
describes the integral over the spectral density function [66]. These dimensionless parameters










and a parameter, η , which quantifies the confinement of the mode (η ≈ 1 indicates high con-











































is the normalised propagation constant [66].
Substituting Equations 2.88 and 2.97 into Equation 2.83 and rearranging this into terms of




g(V ) f (χ,η), (2.99)
which is dependent only upon n1, n2, a, k0, σ , and Lc as desired [66]. This complete form is
known as the Lacey-Payne scattering model; this is generally accepted with the field [74, 75]
and shows good agreement with experiment [76].
2.5 Summary
The theoretical framework laid out in this chapter provides a number key insights which have
informed the design, simulation, and characterisation of micro-ring resonators. Ray optic and
electromagnetic theory have been used concurrently to arrive at the eigenvalue equation of a
waveguide as found in Equations 2.25 and 2.60. The understanding gained in the course of
deriving the eigenvalue equations is put into practice in Chapter 3 in which software tools are
used to find solutions to the electromagnetic wave equation (Equation 2.36) for the particular
waveguide geometry and material properties of interest. The effective indices and therefore the
waveguide propagation constants can be found in this way. From the eigenvalue equation of two
nearby and parallel waveguides (Equations 2.66 and 2.65), an analytical solution has been found
(Equations 2.81 and 2.82) for the coupling coefficient κ between a straight bus waveguide and a
circular micro-ring resonator using coupled mode theory. This solution allows for the coupling
coefficient of a circular micro-ring resonator to be calculated from the propagation constants of
the even and odd coupled modes of a parallel pair of similar waveguides, the propagation con-
stant a similar isolated waveguide, the top cladding refractive index, the operational wavelength,
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and the radius of the micro-ring resonator. The scattering loss of a rectangular waveguide has
been considered using the Lacey-Payne scattering model (Equation 2.99), this model has in-
formed the design decision to try an reduce waveguide loss (and increase micro-ring Q factor)
by increasing waveguide width in order to reduce the loss due to sidewall scattering.
Chapter 3
Waveguide Simulation
The waveguide platform of interest in this work consists of a silicon nitride waveguide core,
a silicon dioxide bottom cladding, and in the case of buried waveguides, a silicon dioxide top
cladding. A chip-scale atomic system probing the D2 transition of 87Rb atoms at 780.241 nm
requires photonics component compatible with this wavelength and so all simulation and subse-
quent characterisation is performed assuming an operational wavelength of ∼ 780nm. A good
design procedure is presented in [35]. First it is suggested to perform a one dimensional calcu-
lation to determine the vertical modes supported by the layer stack. Once the thicknesses of the
materials has been decided, two dimensional simulations can be performed to determine which
modes are supported horizontally, usually single mode operation would be desired.
The width of the waveguides also determines the intensity of the light field interacting with
the waveguide sidewalls and the polarisation state that can be supported (i.e. TE or TM). Scatter-
ing of light interacting with the etched sidewalls of a waveguide is expected to be the dominant
loss mechanism in this work [66, 77, 78]. Scattering loss is investigated using the Lacey-Payne
scattering model discussed in Section 2.4. The radiation loss due to scattering is found to be
significantly reduced for wider silicon nitride waveguides and for buried waveguides with a sil-
icon dioxide top cladding as opposed to ridge waveguides with no top cladding. Eigenmode
expansion simulations also explained in this chapter and are used the determine the scattering
matrix, and therefore the reflection and transmission coefficients, for long waveguide structures
such as the inverse taper spot-size converter discussed in Chapter 8.
3.1 Finite Difference Eigenmode Solver
The Lumerical finite difference eigenmode (FDE) solver is used to solve the electromagnetic
wave equation for a given set of boundary conditions and material properties. The FDE solver is
the predominant simulation tool used to determine the appropriate waveguide geometry such that
the desired modes are supported. There are inherent limitations imposed upon material thickness
that are discussed in Chapter 5 but it is essential to find a bottom cladding thickness that reduces
30
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coupling from the desired optical mode into the silicon substrate. This is of particular importance
in this platform at 780 nm. One reason for this is that the refractive index of silicon is much
higher than that of silicon nitride and the mode will couple into the silicon readily. Silicon is
also strongly absorbing at 780 nm and thus light that is allowed to couple into the substrate will
be absorbed [79]. The FDE solver is a fully-vectorial frequency domain mode solver [80]. This
approach considers the following form of the wave equation for a TE mode,
∇
2Ey + k2Ey = β 2Ey, (3.1)
and for a TM mode,
∇
2Ez + k2Ez = β 2Ez. (3.2)
These are converted into the algebraic eigenvalue problems
ATEETE = β 2TEETE (3.3)
and
ATMETM = β 2TEETM (3.4)
respectively, where ATE,TM are real non-symmetric band matrices such that ATE 6= ATM, ETE,TM
are the normalised eigenvectors for the field profiles Ey(y,z) and Ez(y,z), and β 2TE,TM is the mode
propagation eigenvalue of the corresponding mode [80, 81]. These sparse matrices ATE,TM can
be efficiently stored and operated upon [80]. The user enters the wavelength of interest, the
number of trial modes, and an effective index value close to that of the mode they are interested
in. The mode solver converts the effective index into a propagation eigenvalue β 2 using Equation
2.22 and uses proprietary numerical routines to find solutions to the eigenvalue problems.
3.1.1 One Dimensional Simulation
The one dimensional FDE solver is used to solve the electromagnetic wave equation in the
frequency domain for a line through a material stack. The unit step size is the length between
points at which the equation is to be solved and must be chosen such that the simulation results
converge i.e. the results do not change significantly by further decreasing the unit step size.
The results from the 1D FDE solver for a silicon substrate, silicon dioxide bottom cladding,
and silicon nitride core layer are shown in Figures 3.1 and 3.2. The intensity of the electric
field propagating in the fundamental mode of the silicon nitride waveguide is plotted in each
case both with and without a 1 µm thick silicon dioxide top cladding layer. For a 4 µm bottom
cladding and 100 nm waveguide layer, there is significant interaction with the silicon substrate.
This is reduced by 5 orders of magnitude with the addition of the top cladding because the mode
is more confined to the waveguide layer. Substrate leakage can be reduced by using a thicker
bottom cladding [77,78,82] but 4 µm is the upper limit of wet SiO2 which can be grown using the
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Figure 3.1: The refractive index of the material stack is represented by the colour-map and
consists of a silicon substrate, a silicon dioxide bottom cladding 4 µm thick, a silicon nitride
waveguide layer 100 nm thick, and on the left simply air above while on the right there is a top
cladding layer of silicon dioxide 1 µm thick. The intensity of the electric field propagating in the
fundamental TE mode of the silicon nitride waveguide is plotted for each.
facilities available within the James Watt Nanofabrication Centre at the University Of Glasgow,
this is discussed further in Chapter 5.
For the same bottom cladding thickness, a silicon nitride waveguide layer 200 nm thick,
results in greatly reduced interaction with the silicon substrate (see Figure 3.2). For the thickness
present in this stack there is still some interaction with the silicon substrate but the addition of
a top layer has comparatively little effect on the substrate leakage. This reduction in substrate
leakage for the 200 nm thick silicon nitride will be referred to in Chapter 6 to explain low Q-
factor values for micro-ring resonators fabricated with 100 nm thick silicon nitride cores.
The field attenuation of light with wavelength λ0 propagating in a bulk material is expressed









where k is absorption of the material at the wavelength of interest and is expressed as the imag-
inary component of the complex refractive index given by
n
¯
= n+ ik. (3.6)
In the case of a guided mode it is no longer the bulk material refractive index that needs to be
considered but instead the effective index of the guided mode. If the complex refractive index of
a bulk material is defined by Equation 3.6 then it follows from Equation 2.22 that the complex
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Figure 3.2: The refractive index of the material stack is again represented by the colour-map
and consists of a silicon substrate, a silicon dioxide bottom cladding 4 µm thick, a silicon nitride
waveguide layer 200 nm thick, and on the left simply air above while on the right there is a top
cladding layer of silicon dioxide 1 µm thick. The intensity of the electric field propagating in the
fundamental TE mode of the silicon nitride waveguide is plotted for each.
effective index of a guided mode is defined as
neff
¯
= neff + ikeff (3.7)
and indeed this is the form of solutions found for the effective index of modes using Lumerical’s











similarly as before. The attenuation coefficients of silicon dioxide and silicon nitride are so low
that they cannot be effectively measured by surface-normal measurements such as ellipsometry.
Therefore the only material absorption that will be considered in modelling is that of silicon.
This is not very useful when considering the total propagation loss of Si3N4 waveguides as the
sidewall scattering is expected to dominate the modal loss but it is helpful in determining the loss
of any slab mode that might form in the SiO2 cladding as a result of improper laser coupling.
The tolerance of the refractive index of the top cladding material must be considered to ensure
that the top cladding is not of a sufficiently high index and thickness to support a strongly guided
optical mode. This proved to be an issue when developing a process for the top cladding layer,
see Section 5.2.3. The effect of having a 1 µm thick SiO2 top cladding with a refractive index
only 0.01 higher than that of the 4 µm SiO2 bottom cladding is shown in Figure 3.3. The peak of
the slab mode formed in the SiO2 cladding is shown to drift towards the top cladding for higher
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Figure 3.3: The refractive index of the material stack is again represented by the colour-map and
consists of a silicon substrate, a silicon dioxide bottom cladding 4 µm thick and a top cladding
layer of silicon dioxide 1 µm thick. On the left there is no difference in the refractive index of
the top and bottom cladding whereas on the right the top cladding refractive index is 0.01 higher
than the bottom cladding. The intensity of the electric field propagating in the fundamental TE
mode of the silicon dioxide cladding is plotted for each.
top cladding index values and the end result of this is that during device characterisation (see
Chapter 6) the slab mode obscures the fundamental mode propagating in the Si3N4 core.
The modal loss of each slab mode is found by the FDE solver using Equation 3.8 and for the
perfectly matched indices the modal loss is 2000 dB m−1, while for a top cladding with an index
0.01 higher than the bottom cladding the modal loss is 800 dB m−1. This was investigated further
by finding the simulated modal loss of the fundamental TE slab mode for various SiO2 top
cladding thicknesses (1, 1.5, and 2µm) as a function of the refractive index difference between
the top and bottom cladding; this is shown is Figure 3.4. Thinner top cladding layers provide
greater slab mode suppression but result in increased electric field intensity at the surface of the
top cladding, which could increases losses if any absorbing material such as metal were placed
on the top cladding surface in the vicinity of the waveguides. This would also increase scattering
losses at the boundary between SiO2 and air. A thicker top cladding is also desirable for certain
fabrication processes outlined in Chapter 5 and so these requirements must be weighed and a
compromise reached. A top cladding layer 1 µm thick was used for samples fabricated in this
work.
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Figure 3.4: A bottom cladding thickness of 4 µm was chosen and for top cladding thicknesses
of 1, 1.5, and 2 µm the modal loss of the fundamental slab mode was found as a function of the
difference between top cladding and bottom refractive index (ntop−nbottom).
3.1.2 Two Dimensional Simulation
Once it was determined that a 4 µm bottom cladding was sufficient to reduce the substrate leak-
age loss of a 200 nm thick waveguide core to the silicon substrate, the lower bound of the sim-
ulation region can be set such that the silicon substrate is no longer included. Two dimensional
FDE simulations are used to determine the effect of waveguide width upon the parameters like
the modal field distribution, mode number, effective index, modal loss, and polarisation (TE or
TM) by again solving the electromagnetic wave equation but now on a 2D mesh grid. Figure
3.5 shows the electric field distribution found for a TE0 mode propagating in a 1100 nm wide,
200 nm thick Si3N4 waveguide core on top of a 4 µm SiO2 bottom cladding with a 1 µm top
cladding, the refractive index distribution was passed through an edge detection filter to provide
the outline of the refractive index boundaries. Similar to the 1D FDE solver the unit step size
must be sufficient such that the simulation results are not dominated by artefacts imposed by
the meshing grid used to define the spatial region. Optimisation of this is more crucial for the
2D solver because the time taken to run a simple simulation can be excessive if it has not been
optimised. To make this easier, a region of higher density mesh can be placed surrounding the
waveguide core providing sufficient spatial resolution surrounding the core while allowing for
much lower but still sufficiently dense mesh at the outer extents of the mode of interest. Funda-
mental mode operation is desirable because it simplifies the resonance behaviour (see Chapter
4) and is necessary for many potential applications for waveguides.
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Figure 3.5: The base 10 logarithm of the electric field intensity distribution of a TE0 mode
plotted in a region of space 10 µm wide in the y-direction and 8 µm high in the z-direction. A
4 µm thick SiO2 bottom cladding extends from z = 0 to z = −4µm, a 1 µm thick top cladding
extends from z = 0 to z = 1µm, and a Si3N4 waveguide core extends from z = 0 to z = 200nm
and from y =−550nm to y = 550nm. Black lines indicate refractive index boundaries such as
the outline of the Si3N4 waveguide core and the boundary between the SiO2 top cladding and
air.
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Figure 3.6: The simulated effective index of the transverse electric (TE) and transverse magnetic
(TM) modes against the width of 200 nm Si3N4 thick waveguide cores with a 4 µm bottom
cladding. Left: there is no top cladding; Right: there is a 1 µm SiO2 top cladding.
Waveguide cross-sectional dimensions were modelled to determine the effective index of the
guided modes for different waveguide widths both with and without the 1 µm SiO2 top cladding,
see Figure 3.6. A width of 500 nm was chosen initially to be certain that only the fundamental
mode was supported. However, during the characterisation detailed in Chapter 6, there was
no experimentally observed coupling into higher order modes for 200 nm thick waveguides of
widths up to 1100 nm either with or without the top cladding.
Ring-resonators require the design of curved waveguides in order to form the ring. This is
non-trivial because the optical path length on the outside of a curve is greater than it is on the
inside of the curve and so in order for light in the outer cladding to remain in phase with the
mode, this light must propagate at greater velocity than light in the cladding on the inside of
the curve. The further out from the waveguide, the more exaggerated this difference in propa-
gation velocity between the inner and outer cladding becomes. There exists an extent at which
the light in the outer cladding would have to propagate faster than unguided light can travel in
the cladding material, this is not possible and so this light is radiated away from the waveguide
contributing to the total propagation loss of the waveguide [3]. For smaller bend radii, the mode
distribution shifts more towards the outer wall of the waveguide resulting in greater radiative
loss. Another potential source of loss is the coupling from curved waveguides to straight waveg-
uides. The mode profile of a curved waveguide is decentered from the waveguide cross-section
and so a continuous waveguide could result in significant modal mismatch at the interface be-
tween straight and curved waveguides sections and so it is common practice to impose a physical
lateral offset of curved sections of waveguide in order to reduce the modal mismatch. The de-
centering of the mode also exacerbates the sidewall scattering as the resulting intensity at the
sidewall is greater than it is for a similar straight waveguide. Radiation loss, the addition scat-
CHAPTER 3. WAVEGUIDE SIMULATION 38















































Figure 3.7: The mode mismatch (1 minus the overlap integral) of a straight and a curved waveg-
uide of varying bend radii is found for the TE0 mode in waveguides 200 nm thick, 500-1100 nm
wide, and (in the case of the curved waveguide) curve radii of 50-400 µm. This is found with-
out a top cladding (left) a with a 1 µm SiO2 top cladding (right). By considering these results,
a waveguide bend radius can be chosen such that the effects due to the waveguide bend are
negligible.
tering loss due to a bend, and loss due to modal mismatch can be reduced by simply choosing
a sufficiently large bend radius such that these factors are negligible. This is the approach taken
in this work as the only limit imposed on the micro-ring radius was the main field size of the
electron beam lithography tool which at 1.2 mm means that the micro-ring radius needs to be
less than 600 µm to avoid stitching errors (this is discussed in Section 5.3.4).
To find a radius which is sufficiently large, the mode overlap integral of a curved and straight









and can be found using the FDE solver [84]. The overlap integral of normalised electric fields
should approach 1 as the radius is increased. To facilitate plotting on a logarithmic scale in
Figure 3.7, the overlap integral is subtracted from 1 and the result is plotted against the bend
radius for several waveguide cross-sections with varying widths and thickness fixed at 200 nm.
This simulation has been performed for waveguides with no top cladding and for waveguides
with a 1 µm SiO2 top cladding. A radius of 300 µm was chosen for most of the micro-ring
resonators produced in this work. At this radius the overlap integral with a straight waveguide
is greater than 99.9 % and the waveguide bend can often safely be neglected. A simple circular
design is used to avoid having to either increase the total path length on the resonator or use
smaller bend radii for a racetrack style micro-ring resonator.
All-pass micro-ring resonators were designed and fabricated for a series of gap spacing and
waveguide widths both with and without the top cladding. The gap spacing between the bus









































Figure 3.8: The Ey field amplitude in a coupled pair of Si3N4 waveguides each 200 nm thick and
1100 nm wide, separated by 250 nm, is shown for the even mode (left), the odd mode (middle),
and the odd mode subtracted from the even mode (right). Black lines indicate refractive index
boundaries such as the outline of the Si3N4 waveguide core and the boundary between the SiO2
top cladding and air.
waveguide and the micro-ring resonator determines the power coupling into the micro-ring res-
onator. Coupled mode theory is used to determine the power coupling from the bus waveguide
into the micro-ring resonator by finding the effective index, and therefore the propagation con-
stant, of the even and odd coupled modes using the FDE solver, see Figure 3.8. This is simply a
2D case of the example given in Figure 2.5. For an array of input gap spacings, the even and odd
mode effective indices are found (see Figure 3.9) for a pair of coupled waveguides with the same
cross-section as the one shown in Figure 3.5. The propagation constants of the even and odd
modes are input into Equation 2.81 to find the coupling coefficient. Using similar data for the
different waveguide configurations that were designed, the coupling coefficient of any micro-
ring resonator can be determined. The coupling coefficients for every micro-ring resonator with
a 200 nm thick core that was designed and fabricated in this work are shown in Figure 3.10. Gap
spacing values were chosen for each design iteration such that a similar span of ∆neff values
were tested for each waveguide cross section.
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Figure 3.9: The simulated effective indices of the even and odd coupled TE0 mode against
the gap spacing. Each of the two adjacent parallel waveguides has a 4 µm thick SiO2 bottom
cladding, a 1 µm thick top cladding, and a 200 nm thick, 1100 nm wide Si3N4 waveguide core.

























Figure 3.10: The calculated coupling coefficient of the TE0 mode for each micro-ring resonator
design with a 200 nm thick waveguide core against the gap spacing between the bus and micro-
ring waveguides.
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Figure 3.11: Modelled scattering loss (dB/cm) against the width of Si3N4 waveguides for only
air as a top cladding and with an SiO2 top cladding. This simple 2D model considers only the
sidewall scattering and does not consider the scattering from the top and bottom interfaces of
the waveguide.
3.2 Lacey-Payne Scattering Model
The Lacey-Payne scattering model introduced in Section 2.4 was used to estimate the scattering
loss of Si3N4 waveguides of varying widths, with and without a SiO2 top cladding. There are
two main conclusions to be drawn from Figure 3.11. The first conclusion is that the scattering
loss is reduced by about a factor of 2 by the addition of the SiO2 top cladding for waveguides
500-1100 nm wide. This conclusion is borne out by the improvement in Q factor demonstrated in
Chapter 6 for waveguides with the top cladding layer. The second conclusion is that scattering
loss can be reduced by simply increasing the waveguide width thereby decreasing the modal
interaction with sidewalls. Figure 3.11 shows that the propagation loss of SiO2 clad waveguides
peaks for waveguide widths around 300 nm, this is because the waveguide confinement peaks
at this value and for smaller values of waveguide widths the mode would expand vertically
becoming weakly confined in the simulation plane. In order to use the model, a line edge
roughness of 1.3 nm RMS and a correlation length of 10 nm was assumed based upon values
reported for similarly fabricated Germanium waveguides [85]. This is inherently a difficult
measurement to perform and this difficulty would be accentuated by the inability to produce
thick films of Si3N4.
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3.3 Eigenmode Expansion Solver
Three dimensional structures can be also be simulated using finite difference methods but this
can be computationally expensive and time consuming. Lumerical’s Eigenmode Expansion
(EME) solver is ideally suited for the simulation of light field propagation over long distances.
Eigenmode expansion models do not rely upon the discretisation of space in the direction of
propagation and so simulation time does not scale with structure size in the same way as more
computationally expensive finite difference models [86]. The FDE solver is used to find the
desired eigenmode and the propagation of that mode in the x direction can be expressed by the
eigenfunction problem
E(x,y,z) = Em(y,z)exp(iβmx) (3.10)
where E(x,y,z) is the three dimensional field, Em(y,z) is the transverse eigenfunction, and
exp(iβmx) is the eigenvalue of the solution which describes the x dependence of the mode [87].
The electromagnetic field within a structure can be decomposed into a basis set of eigenmodes
by splitting the structure up into a series of sequential cells with an FDE solver in each cell. The
reflection and transmission coefficients are found for each cell boundary forming a bidirectional
scattering matrix. By cascading these scattering matrices, the scattering matrix (and therefore
the reflection and transmission coefficients) for the complete structure can be found [88]. His-
torically, the staircase approximation would be used to account for structures variation between
cells leading to artificial interfaces and reflections [87] but Lumerical’s implementation of EME
uses it’s “Continuously Varying Cross-sectional Subcell” method to prevent this. This simula-
tion tool is well suited for designing waveguide tapers and spot-size converters [89], see Chapter
8.
3.4 Summary
The theoretical framework established in Chapter 2 has provided a foundation for investigation
in this chapter of the essential design parameters for silicon nitride waveguides and micro-ring
resonators using a combination of software tools and analytical methods. The one dimensional
finite difference eigenmode solver has been used to determine that 4 µm is an appropriate bottom
cladding thickness to reduce loss due to substrate leakage and that a 1 µm top cladding thickness
can suppress the formation of a slab mode (resulting from a index mismatch between the top
and bottom cladding) which can cause issues during micro-ring resonator characterisation as
discussed further in Chapter 5. The two dimensional finite difference eigenmode solver has
been used to determine the effective indices of the supported (TE and TM) modes as a function
of waveguide width (with and without the top cladding layer), to demonstrate that the ring radius
used in this work is sufficiently large such that the curved waveguide can be considered to be
equivalent to a straight waveguide (i.e. does not exhibit significant modal displacement due
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to the waveguide bend), and to find the even and odd effective indices of a coupled pair of
parallel waveguides. The even and odd effective indices can be used in Equation 2.82 to find the
coupling coefficient between a straight waveguide and a circular micro-ring resonator for a TE0
mode for each waveguide cross-section and gap spacing used in this work. The Lacey-Payne
model detailed in Chapter 2 has been used with suitable input variables to provide an estimate
of propagation loss which can be expected for the different waveguide cross-sections which
have been tested. The eigenmode expansion solver which will be used in Chapter 8 to simulate
inverse taper spot-size converters has also been explained here for completeness.
Chapter 4
Ring Resonator Analytical Modelling
Modelling the performance of a micro-ring resonator allows for a greater understanding of how
the transmission spectra and resonator characteristics vary based upon the input parameters.
With this understanding much greater insight can be gleamed from the experimental character-
isation of the micro-ring resonators. The transmission equations derived in this chapter can be
fitted to the experimental spectra and used to perform parameter estimation. In this chapter it is
illustrated that the maximum Q-factor and peak slope gradient of micro-ring resonator transmis-
sion spectra can be found in the under-coupled regime while the maximum peak amplitude can
be found at critical coupling.
4.1 Ring Resonator Equations
The four main ports of a general ring resonator are referred to as the input, through, add, and drop
ports [90]. The amplitude of the electric field component of the electromagnetic wave amplitude
present at these ports is labelled as E with a subscript to indicate the port and whether the field
is in the bus waveguide (1) or the ring resonator (2), see Figure 4.1. The coupling coefficients
between the bus waveguide and ring resonator are ta,b and κa,b, where |κ2|+ |t2|+ |γ2|= 1, and
γa,b represents any loss inherent to the evanescent coupler. The two coupling regions are simply
labelled a and b, and ∗ represents the complex conjugate. This means that these two coupling






























Before the resulting electric fields can be derived, the losses involved need to be described
mathematically. There is the insertion loss which will be described as a combination propagation
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Figure 4.1: General add-drop ring resonator. Ei, Et , Ea, and Ed are the electromagnetic fields
at the input, through, add, and drop ports respectively. The coupling coefficients, t and κ , of
coupling regions a and b are also shown as well as the loss coefficient of the ring resonator, τ
loss of the bus waveguide and the coupling loss between the light source and bus waveguide and
there is loss inherent to the ring resonator. The ring resonator loss coefficient is determined by
the waveguide propagation loss and circumference of the ring resonator, and is used to determine
the field amplitude that is transmitted around the ring from one coupling region to the other.
The ring resonator loss coefficient is given by equation (4.3)
τ = e−Lα (4.3)
where L is the length or circumference of the resonator (m) and α is the field amplitude propa-





where ILdB is the insertion loss (dB) from coupling light from it’s source into the bus waveguide,
and Lbus is the length of the bus waveguide (m) [90].
The wave behaviour of the field must be considered so that that transmission of the resonator
can be determined. The steady state approach is taken whereby the phase of the travelling wave
is given by the product of the angular frequency and the resonator round-trip time [90, 91]
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where Lring is the ring resonator length/circumference (meter), ω is the angular frequency (rad s−1),
c is the free-space velocity of light (m s−1), ν is frequency (Hz), and λ is the wavelength (m).
The resulting general expression for the travelling wave is given by [91, 92]
E(t) = AeiωtRT = Aeiθ . (4.6)
where A is the wave amplitude. The resonance condition is satisfied for every integer multiple
of the source wavelength which is equal to the resonator optical path length. The spacing in the
wavelength or frequency domain between resonance peaks in defined as the free-spectral range.
This is equivalent to the phase being equal to 2π . Considering Equation 4.5, the free-spectral





for a ring resonator of a certain length with a given effective index. The free spectral range in








The FSR found analytically in this way is directly compared to an experimental value in Section
6.3.
4.1.1 Through Port Power Transmission
The phase of the travelling wave is considered to be equal to zero upon coupling from the
bus waveguide to the ring resonator and the field amplitudes are considered to be normalised
with respect to the light source field amplitude. The field amplitude at the input port of a ring
resonator bus waveguide is therefore given by [8, 90]




and so the amplitude of light coupled into the ring resonator is determined by Equations (4.1)




+ t∗a Ei2 (4.10)
where Ei2 is the light that has passed all the way around the ring resonator experiencing an
attenuation defined by the ring resonator loss τ and is incident once again upon coupling region
a [90]. It is now important to consider the wave like behaviour of the field and the accumulated
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phase angle θ resulting from one round-trip around the ring. Ei2 is therefore given by



























The field at the through port is found using equations (4.1), (4.12), and (4.13).















ta− tat∗a t∗b τe−iθ −κaκ∗a t∗b τe−iθ






ta− (|t2a |+ |κ2a |)t∗b τe−iθ





ta− t∗b τe−iθ (1−|γ2a |)√
CIL(1− t∗a t∗b τe−iθ )
(4.14)
Until this point the field amplitude of light has been considered. This representation allows
for calculation of the field interactions but the field amplitudes cannot be measured directly.
It is the power of light that is measured using a photodetector. The power of light is found
by integrating the time average of the Poynting vector over the mode area, the time average





P ∝ EE∗. (4.16)
If the field amplitude is represented by equation (4.14) then its complex conjugate is represented
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by
E∗t1 =





and so the normalised power transmission can be considered to be
|Et1|2 = E ·E∗
=
ta− t∗b τ(1−|γ2a |)e−iθ√
CIL(1− t∗a t∗b τe−iθ )
· t
∗





|t2a |− tatbτ∗(1−|γ2a |)eiθ − t∗a t∗b τ(1−|γ2a |)e−iθ + tb2τ2(1−|γ2a |)2
CIL(1− t∗a t∗b τeiθ − tatbτ∗e−iθ + |ta|2|tb|2|τ|2)
(4.18)
If ta, tb, τ , and γa are real, then the normalised transmitted power through the bus waveguide
of a ring resonator is given by
|Et1|2 =
t2a − tatbτ(1−|γ2a |)(eiθ + e−iθ )+ tb2τ2(1−|γ2a |)2
CIL[1− tatbτ(eiθ + e−iθ )+ t2a t2b τ2]
=
t2a −2tatbτ(1−|γ2a |)cosθ + tb2τ2(1−|γ2a |)2
CIL[1−2tatbτ cosθ + t2a t2b τ2]
.
(4.19)
This is represented as a function of the phase in Figure 4.2 where CIL = 1, γa = 0, and tb = 1.
In this simple case, critical coupling is defined as the field transmission through the bus and
not coupled into the ring, ta, being equal the single round trip field transmission of the ring
resonator, τ . Under-coupling is the case in which ta > τ , which means that there is more light
passing straight through the bus waveguide without coupling into the resonator than there is
completing a single round trip of the resonator. Over-coupling is the opposite case in which
there is more light propagating round the ring than there is transmitted straight though the bus
without interacting with the ring. In the more general case, considering an evanescent coupler
with loss and a second bus waveguide, critical coupling occurs for ta = tbτ(1−|γ2a |); similarly,
under-coupling is defined as ta > tbτ(1−|γ2a |) and over-coupling is defined as ta < tbτ(1−|γ2a |).
The amplitude of a the resonance peak is maximum in the case of critical coupling for an all-
pass ring resonator (see Figure 4.2). The normalised power transmission at the through port of
an add-drop ring resonator is shown in Figure 4.3 for CIL = 1, γa = 0, and tb = 0.95. For an
add-drop ring resonator, the amplitude of a the resonance peak is also maximum in the case of
critical coupling.
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Figure 4.2: Normalised power transmission at the through port as a function of phase for an
all-pass ring resonator with a normalised input power P = 1, propagation loss of 1 dB cm−1,
and a radius of 300 µm. This is shown for values of the coupling coefficient ta expressed as a
multiple of τ . Under, over, and critical coupling are defined such that ta > τ , ta < τ , and ta = τ
respectively.
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Figure 4.3: Normalised power transmission at the through port as a function of phase for an
add-drop ring resonator with an input power P = 1, propagation loss of 1 dB cm−1, a radius of
300 µm, and coupling parameter tb = 0.95. This is shown for values of the coupling coefficient
ta expressed as a multiple of τtb. Under, over, and critical coupling are defined such that ta > τtb,
ta < τtb, and ta = τtb respectively.
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4.1.2 Derivatives Of Transmitted Power With Respect To Phase






C2IL[1−2tatbτ cosθ + t2a t2b τ2]2{
CIL[1−2tatbτ cosθ + t2a t2b τ2]
∂ (−2tatbτ(1−|γ2a |)cosθ)
∂θ






C2IL[1−2tatbτ cosθ + t2a t2b τ2]2{
[1−2tatbτ cosθ + t2a t2b τ2](2tatbτ(1−|γ2a |)sinθ)
−[t2a −2tatbτ(1−|γ2a |)cosθ + tb2τ2(1−|γ2a |)2](2tatbτ sinθ)
}
.





CIL[1−2tatbτ cosθ + t2a t2b τ2]2[
2tatbτ(1−|γ2a |)sinθ −4t2a t2b τ2(1−|γ2a |)sinθ cosθ +2t3a t3b τ
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This is an important relationship for characterising a resonator as it determines the slope of the
resonance peak. Since changes in frequency (or phase) are transduced to a change in transmitted
power, this allows the resonator to serve as a frequency (or phase) discriminator. A larger value
for this derivative term means that the resonator has greater responsivity and will act as a more
sensitive discriminator. Figure 4.4 shows the derivative of the normalised power transmission at
the through port of an all-pass ring resonator as a function of phase for an input power P = 1,
propagation loss of 1 dB cm−1, and a radius of 300 µm. The maximum response is found in
under-coupled regime but this tails off quickly as ta is increased further. The derivative of
normalised power transmission at the through port of an add-drop ring resonator as a function
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Figure 4.4: The derivative of the normalised power transmission with respect to phase for an
all-pass ring resonator with a propagation loss of 1 dB cm−1 and a radius of 300 µm. This is
shown for values of the coupling coefficient ta expressed as a multiple of τ . Under, over, and
critical coupling are defined such that ta > τ , ta < τ , and ta = τ respectively.
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Figure 4.5: The derivative of the normalised power transmission at the through port with respect
to phase for an add-drop ring resonator with a propagation loss of 1 dB cm−1 and a radius of 300
µm. This is shown for values of the coupling coefficient ta expressed as a multiple of τtb. Under,
over, and critical coupling are defined such that ta > τtb, ta < τtb, and ta = τtb respectively.
of phase for an input power P = 1, propagation loss of 1 dB cm−1, a radius of 300 µm, and
coupling parameter tb = 0.95 is shown in Figure 4.5. Again, the maximum response is in the
under-coupled regime and this tails off quickly as ta is increased further.
4.1.3 Drop Port Power Transmission
The derivation of the drop port normalised power transmission is given here to prove the validity
of the general model of a ring resonator by ensuring that it is self consistent. The field amplitude
Et2 has been defined in equation (4.12) and is required to determined the field amplitude Ea2 as
marked in Figure 4.1. The field incident upon evanescent coupler b from within the resonator
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and assuming Ea1 = 0











which is the result field amplitude of interest. To confirm that this matches up with the general
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as is seen in equation 4.13.
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√
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√






CIL[1−2t∗a t∗b τ cosθ +(t∗a t∗b τ)2]
.
(4.24)
Once more assuming that ta, tb, τ , and γa are real, then normalised power transmitted at the drop





CIL[1−2tatbτ cosθ + t2a t2b τ2]
. (4.25)
The normalised power transmission at the drop port of an add-drop ring resonator is shown in
Figure 4.6 for CIL = 1, γa = 0, and tb = 0.95. This peak amplitude is also maximised in the
case of critical coupling. The introduction of another coupling section introduces another loss
mechanism for the ring resonator and so the resonance peak of the add-drop ring resonator is
broader (lower Q) than that of the all-pass ring resonator with similar ta values.
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Figure 4.6: Normalised power transmission at the drop port as a function of phase for an add-
drop ring resonator with an input power P = 1, propagation loss of 1 dB cm−1, a radius of 300
µm, and coupling parameter tb = 0.95. This is shown for values of the coupling coefficient ta
expressed as a multiple of τtb. Under, over, and critical coupling are defined such that ta > τtb,
ta < τtb, and ta = τtb respectively.
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Figure 4.7: The derivative of the normalised power transmission at the drop port with respect to
phase for an add-drop ring resonator with a propagation loss of 1 dB cm−1 and a radius of 300
µm. This is shown for values of the coupling coefficient ta expressed as a multiple of τtb. Under,
over, and critical coupling are defined such that ta > τtb, ta < τtb, and ta = τtb respectively.
4.1.4 Derivatives Of Power At Drop Port With Respect To Phase








CIL[1−2tatbτ cosθ + t2a t2b τ2]2
. (4.26)
The derivative of normalised power transmission at the drop port of an add-drop ring resonator
as a function of phase for an input power P = 1, propagation loss of 1 dB cm−1, a radius of
300 µm, and coupling parameter tb = 0.95 is shown in Figure 4.7. The maximum response is
once more in the under coupled regime and decreases as ta is increased further.
4.2 Modelling Ring Resonator Parameters
Practically, it is much easier to characterise a resonator by measuring the power transmission
at the through port because the critical coupling case is readily identified as transmitted power
approaches zero. The maximum power transmission at the drop port is less well defined. To
further simplify characterisation and optimise the footprint of sample devices, all of the micro-
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ring resonators fabricated and characterised in this work were of the all-pass configuration. The
goal was to achieve the highest possible Q factor value, Q factor is defined as the position of
that resonance peak in either wavelength or frequency (these yield the same value) divided by








Q factor is regarded as the figure of merit for micro-ring resonators [12, 32, 40, 77, 94] rather
than finesse which is defined as the free spectral range divided by the the full width at half
maximum and is more routinely used to characterised free space resonators [95]. In literature,
a distinction is made between the loaded and unloaded Q factor of a micro-ring resonator, an
unloaded Q factor is calculated for a micro-ring resonator which is not coupled to a waveguide,
the bus waveguide introduces loss which lowers the Q factor, whereas a loaded Q factor is found
in the case where there is a bus waveguide coupled to the micro-ring. All Q factor values stated
as part of this work are loaded Q factor values. There are two variables which the designer
can change to maximise the Q factor of an all-pass micro-ring resonator; these are the round-
trip transmission given by the loss coefficient τ which is dependent on the waveguide loss, and
the transmission coefficient of the bus waveguide (ta) which depends on the confinement of
the bus and micro-ring waveguides and the size of the gap between them. Here it is assumed
that the centre wavelength and bulk material properties are fixed. For a given waveguide loss,
αdB = 1dBcm−1, the effect of varying the coupling parameters is shown in Figure 4.8, this is
plotted in terms of κa to demonstrate the effect of ta approaching 1 asymptotically.
The peak amplitude is maximum for the critical coupling condition as illustrated in Figure
4.2, the slope gradient is maximum for an under-coupled resonator as illustrated in 4.4, and the
Q factor is increased as coupling is decreased but the peak becomes more difficult to resolve.
This is because as κa is decreased beyond the critical coupling condition, the resonance peak
amplitude will only decrease resulting in a shorter peak. Ideally, the ability to resolve this peak
would be limited by the noise equivalent power of the detector which is used but laser intensity
noise and noise due to scattered light are also limiting factors. The peak would also continue
to get narrower as κa is decreased and so the ability to resolve the peak is also limited by the
resolution of the frequency scan used to acquire the resonance spectra.
4.3 Summary
In this chapter, the general formalism of normalised power transmission at the through port
of an all-pass and add-drop micro-ring resonator, and at the drop port of an add-drop micro-
ring resonator have been found have been found to be self-consistent and maintain generality.
The equation governing the normalised power transmission of an all-pass micro-ring resonator
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Figure 4.8: The normalised Q factor, peak amplitude, and slope gradient are plotted against
the micro-ring resonator coupling coefficient. The peak amplitude is maximum for the critical
coupling condition, the slope gradient is maximum for an under-coupled resonator, and the Q
factor is increased as coupling is decreased but the peak becomes more difficult to resolve.
(Equation 4.19) is adapted for a frequency spectrum in Chapter 6 and used to determine the
loss coefficient of micro-ring resonators. By considering the length of micro-ring resonator, the
propagation loss of a given waveguide configuration can be determined from the loss coefficient
of the micro-ring resonator. The coupling coefficient values found in Chapter 3 are used as an
input variable in the curve fitting function thereby avoiding the issue of distinguishing between
of the coupling and loss coefficients if they were both fit parameters [46]. The behaviour of
the Q factor, resonance peak amplitude, and slope gradient of a micro-ring resonance peak
as a function of the coupling parameter κa has been examined leading to the conclusion that
high Q factors can be realised by operating in the under-coupled regime. This informed the
design decision to try and achieve higher Q factors by increasing the gap spacing (and thereby
decreasing the coupling coefficient) for each waveguide design iteration that was tested during
the micro-ring resonator characterisation discussed in Chapter 6.
Chapter 5
Waveguide Process Development And
Fabrication
The facilities available in the James Watt Nanofabrication Centre (JWNC) allow for every step
of the design, fabrication, and characterisation of silicon nitride waveguide devices to be done
on-site. The JWNC consists of class 10, 100, and 1000 clean-rooms where the class number de-
notes the allowable number of particles ≥0.5µm in a cubic foot of air. Deposition tools include
the SEMCO chemical vapour deposition (CVD) furnace with multiple furnace chambers capable
of wet oxide growth of SiO2 and low pressure chemical vapour deposition of Si3N4 (as required
for bottom cladding and core layers respectively), and the SPTS Delta capable of plasma en-
hanced chemical vapour deposition (PECVD) of SiO2 (as required for the top cladding layer).
Lithography is performed using a Vistec VB6 electron beam lithography tool and reactive ion
etching (RIE) of the waveguides is performed using an Oxford Instruments RIE80+. The ma-
terial deposition, reactive ion etching, and electron beam lithography processes were performed
by JWNC technicians.
5.1 Design
Designs were mostly created using the Nazca Design™, an open-source photonic integrated cir-
cuit design tool based on Python-3 [96]. This allows for a parametric approach where photonic
components such as all-pass and add-drop ring resonators are created as discrete building blocks
which can be easily joined together to create a complete photonic circuit. This allows important
variables such as width, gap spacing, radius, and evanescent coupler length to be changed easily;
for example, a narrower waveguide core would have a less confined mode and would therefore
require greater gap spacing to achieve similar power coupling to the ring resonator as a wider
waveguide core. Features can be drawn on separate layers allowing for easy distinction between
materials or desired resolution of different features on a given device. Completed designs are
saved as Graphic Design System II (GDSII) files, a standard format for mask design in pho-
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Figure 5.1: Essential features present on micro-ring resonator sample devices. The wide slab
mode waveguide (blue) is used to find rough alignment of the lensed fibre input, sample chip,
object lens, and camera during characterisation. The triplet of waveguides (red) is used to find
the correct working distance of the lens fibre during. The all-pass micro-rings (red) are tessel-
lated such that a pair of micro-ring resonators takes up little more space than a single micro-ring
resonator. Features shown in red are on a layer within the GDSII file which will be written with a
high resolution electron beam (12 nm) while features in blue are on a layer which will be written
with a lower resolution (32 nm). Waveguide widths are exaggerated and lengths greatly reduced
here for the purposes of illustration.
tolithography. Examples of when it would be advantageous to define different materials are if
the design includes metallisation for electrical components, such as thermo-optic modulators, or
another optical layer, such as a spot-size converter for port coupling.
The design changed and evolved over time but the essential features that were present on all
samples that were fabricated and characterised are shown in Figure 5.1 (not to scale). Features
shown in red are on a layer within the GDSII file which will be written with a high resolution
electron beam (12 nm) while features in grey are on a layer which will be written with a lower
resolution (33 nm). The waveguide triplet and wide slab mode waveguide are for alignment
purposes and are discussed further in Section 6.1 and demonstrated in Figure 6.3. The all-pass
micro-rings are tessellated such that a pair of micro-ring resonators takes up little more vertical
space than a single micro-ring resonator. These features are treated as a repeating unit on the
sample chip, the gap spacing between the bus waveguide and micro-rings of each micro-ring
pairs is incremented in each unit and a macroscopic numeral is written in the lower resolution
layer adjacent to the micro-ring pair to denote the unit number during characterisation. While
creating this design care is taken to avoid features overlapping with the field boundaries of the
electron beam lithography tool, resulting in “stitching” errors which are discussed further in
Section 5.3.4 and demonstrated in Figure 5.8. To achieve this, a layer was created within the
GDSII file which represented these field boundaries in the design but was not written at the
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lithography stage. This made it easy to adjust the placement of the repeating unit such the field
boundaries were avoided where possible by setting the spacing between the units to be equal to
the field grid spacing and placing each micro-ring central within its own field boundary. The
bus waveguides of each micro-ring inevitably cross many field boundaries but the loss incurred
due to stitching errors is less significant than it would be if there was a stitching error within the
resonators.
5.2 Material Deposition
Silicon nitride layers for the waveguide cores were deposited using a low-pressure chemical
vapour deposition (LPCVD) furnace at 750 ◦C onto a 4 µm thick thermal SiO2 layer grown by
wet oxidation at 1000 ◦C. The waveguide pattern was written in hydrogen silsequioxane (HSQ)
negative resist using electron beam lithography with a Vistec VB6 electron beam lithography
tool and etched using a CHF3/O2 reactive ion etch. Typically HSQ is removed with hydroflouric
acid which would damage the Si3N4 core and SiO2 bottom cladding. In this work a sacrificial
layer of poly-methyl-methacrylate (PMMA) ∼50 nm is used to perform lift-off of ∼330 nm
HSQ, this technique has been previously established [97]. After etching, the HSQ etch mask is
removed by lift-off and a SiO2 top cladding layer can be added using plasma-enhanced chemical
vapor deposition (PECVD) at 300 ◦C.
5.2.1 Thermal Oxidation Of Silicon
The bottom cladding layer of the waveguide is a thick film of SiO2 that is grown by wet thermal
oxidation of a silicon wafer. This can achieved by heating the silicon wafer to 700-1100◦C in
the presence of water vapour and is performed at 1000 ◦C in the SEMCO oxidation furnace
tube in the JWNC. The benefit of using water vapour, producing wet thermal SiO2, is that
the solubility of water molecules (3.0×1019 cm−3) is greater than the that of diatomic oxygen
molecules (5.2×1016 cm−3) and so thick films can be produced much faster [98]. The rate
of oxide growth decays exponentially however because the water (or oxygen) needs to diffuse
through an ever increasing thickness of SiO2 and so to grow 4 µm film of wet thermal SiO2 at
1000 ◦C requires about 60h of continuous operation. A dry oxidation furnace (using oxygen
instead of water) would be expected to take > 1500h to grow the same thickness [99]. The wet
oxidation furnace can only be operated during working hours due to safety considerations and
so this takes about two weeks of real time to grow. Fortunately, this can be done with 6 ” wafers
in batches of up to 25 wafers and so this needs to be done relatively infrequently.
It is essential that the bottom cladding layer is thick enough to prevent the optical mode from
coupling into the higher index silicon substrate and being absorbed resulting in catastrophic
propagation losses [100]. This problem is of greater significance for optical modes with low to
moderate confinement such as those presented in this work [1]. The optical properties of the wet
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thermal SiO2 were characterised using a JA Woollam M2000X spectroscopic ellipsometer and
it was found to have a refractive index of 1.4544±0.0001 (see Figure 5.4). This low variance in
refractive index can be attributed to the optical purity typically associated with this process.
5.2.2 Low Pressure Chemical Vapour Deposition Of Silicon Nitride
Silicon nitride is is deposited on top of the bottom cladding layer by low pressure chemical
vapour deposition (LPCVD). Dichlorosilane (SiCl2) and ammonia (NH3) are typically intro-
duced at a controlled rate into a vacuum furnace between 700-800 ◦C [101,102] and specifically
for the SEMCO furnace in the JWNC the operational temperatures are 765 ◦C at the chamber
inlet, 790 ◦C in the middle of the chamber, and 810 ◦C at the chamber outlet. The chamber is
maintained at 300 mTorr during deposition. The chemical reaction is given by
3SiCl2 +4NH3→ Si3N4 +6HCl+6H2 (5.1)
and precursor gases have flow rates of 40 sccm for SiCl2 and 160 sccm for the NH3. The result-
ing Si3N4 can be expected to exhibit high tensile stress as established in literature [32, 33], the
greatest deposition thickness achieved in this work was 300 nm. It is possible to deposit thicker
films using temperature cycling and annealing techniques, but the increased strain could result
in cracks from during the etching process due to the stain on the backside of the wafer. This de-
position can lead to hydrogen being incorporated into the film and forming bonds with nitrogen.
The N-H bond has a stretching absorption at 3300-3400cm−1 which corresponds to about 3 µm
which gives a first order harmonic at 1500 nm and a second order harmonic at 750 nm [103,104].
This could cause significant absorption for a Si3N4 waveguide operating at 780 nm if the absorp-
tion peak is sufficiently broad. It is common practise to reduce the hydrogen content in silicon
nitride by annealing at high temperatures (>1000◦C) for several hours [102–105].
An experiment was conducted with three test samples and a control sample, all of which
consisted of 200 nm of LPCVD Si3N4 on a silicon substrate, annealed in a small Carbolite
tube furnace at 1000 ◦C with a nitrogen gas flow of ∼ 50 l h−1. A silicon reference sample
was prepared to be measured and so provide the background absorption of the substrate. The
reference sample is taken from the same wafer as the test sample and so the Si3N4 is removed by
wet etching in hydrofluoric acid, this sample preparation was carried out by Dr Kevin Gallacher.
The absorption was seen to decrease at 3 µm and therefore the harmonics at 1500 and 780 nm
(the detector is not sensitive to these wavelengths) but the results are very inconsistent for the
three samples. This was attributed to inconsistent temperatures along the length of the tube
furnace. It is clear that a larger furnace with greater uniformity is required; the wet oxidation
furnace tube in the SEMCO furnace in the JWNC was considered but its maximum operating
temperature is 1000◦C. Work in the literature suggests that the process is greatly affected by
varying temperature between 900-1150◦C [104].
CHAPTER 5. WAVEGUIDE PROCESS DEVELOPMENT AND FABRICATION 63

























Figure 5.2: Fourier transform infra-red spectroscopy of Si3N4 annealed under various conditions
and a control sample which was not annealed. The difference in absorption spectra between the
samples annealed in a 1000 ◦C tube furnace indicates that the samples experienced a consid-
erable temperature gradient depending upon their position in the tube. The sample annealed
at 1200 ◦C shows that the N-H bonds have been eliminated as expected but that the Si3N4 has
oxidised.
To demonstrate this, a wafer was annealed in the Carbolite RHF 1500 at 1200◦C for 4 hours
and another FTIR measurement was performed (see Figure 5.2). Unfortunately, this furnace
operates at atmospheric conditions with no vacuum or gas flows. It is because the furnace
operates in atmosphere that the silicon nitride has oxidised causing a substantial change in the
absorption spectra at higher wavelengths. The large peak at 12.5µm is indicative of Si-N bonds
while the peaks around 9 µm are indicative of Si-O bonds [106]. Silicon oxynitride has a lower
refractive index that silicon nitride [107] and so could result in reduced scattering loss if used
as a waveguide core, this will be investigated in future work. This experiment has shown that
annealing at 1200 ◦C can eliminate absorption as 3 µm but it has also shown that this oven is not
suitable for annealing silicon nitride.
The Carbolite tube furnace was then modified by re-positioning the quartz tube which al-
lowed for greater uniformity and for the furnace to be safely operated at its maximum temper-
ature of 1100◦C. The LPCVD Si3N4 was characterised by ellipsometery, finding the refractive
index at 780 nm to be 1.987±0.001 as deposited, and 1.9973±0.0004 after annealing at 1100 ◦C
(see Figure 5.3). The refractive index increases as a result of the annealing while the error associ-
ated with this measurement goes down. As film densification occurs, residual hydrogen trapped
during deposition are allowed to escape resulting in a more consistent and higher refractive index
film.
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Si3N4 LPCVD - 1100°C Anneal
Si3N4 LPCVD - No Anneal
Figure 5.3: The refractive index of Si3N4 is found by fitting a Cauchy model to the ellipsometer
data. The refractive index for Si3N4 LPCVD is shown to increase upon annealing at 1100 ◦C as
film densification occurs.
5.2.3 Plasma Enhanced Chemical Vapour Deposition Of Silicon Dioxide
PECVD is used to deposit SiO2 on top of samples with etched Si4N4 waveguides. Samples are
loaded on to grounded bottom electrode in a vacuum chamber. The top electrode is excited with
a radio frequency (RF) to produce a plasma within the chamber during deposition performed
at 300 ◦C. The tool that is used is the SPTS PECVD from Orbotech. The initial recipe, which
shall be referred to as PECVD 1, was performed at 300 ◦C and 900 mT with high frequency RF
power of 40 W, and N2 (392 sccm), N2O (1420 sccm), and SiH4 (20 sccm) gases. This process
produced a SiO2 film with a refractive index of 1.464, far from the desired 1.4544 required to
match the index of the bottom cladding. This index mismatch results in a top cladding which
supports a slab mode. Because this slab mode is perturbed by the Si3N4 waveguides, some
combination of the higher order modes supported by the SiO2 film are detected in the vicinity
of the waveguides, thereby obscuring the desired mode by raising the noise floor. The effect of
a top cladding mismatch is best modelled using the 1-D solver (see Figure 3.4). The refractive
index of the SiO2 film can be lowered by annealing the sample at 1100 ◦C (see Figure 5.4) but
ultimately the refractive index could not be lowered enough in this way and the resulting slab
mode caused insurmountable obfuscation of the waveguide fundamental mode.
A new process (PECVD 2) was developed which could, without annealing, provide a re-
fractive index close enough to that of the bottom cladding to suppress the formation of any
undesired slab mode. This new deposition process was again performed at 300 ◦C but at a pres-
sure of 2150 mTorr with 550 W of high frequency RF power and only N2O (3000 sccm), and
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SiO2 PECVD 1 - 1100°C Anneal
SiO2 PECVD 1 - No Anneal
SiO2 PECVD 2 - No Anneal
SiO2 Wet Thermal
Figure 5.4: The refractive index of SiO2 is found by fitting a Cauchy model to the ellipsometer
data. The refractive index for SiO2 PECVD 1 is shown to improve upon annealing at 1100 ◦C
but still differ significantly from the refractive index of wet thermal SiO2. The refractive index
for SiO2 PECVD 2 is shown to match the refractive index of wet thermal SiO2 with requiring
any further annealing.
SiH4 (175 sccm) gases. Sample wafers were prepared with 1 µm of SiO2 and measured using
a JA Woollam M2000X spectroscopic ellipsometer, finding that the PECVD SiO2 as deposited
had a refractive index of 1.454 ± 0.003 at 780 nm whilst the SiO2 bottom cladding grown by
wet thermal oxidation has a refractive index of 1.4544 ± 0.0001, see Figure 5.4. The thermal
oxide process is more consistent than the PECVD process as expected, with a refractive index
error which is an order of magnitude less.
5.3 Sample Processing
Bottom cladding and core material deposition steps are carried out at the 6 ” wafer scale. This
is much larger than the typical sample size and so the wafers must be cleaved into chips of the
desired size. Each design iteration leads to the production of multiple test samples which can be
processed individually or in batches depending on the test parameters. The process flow used to
fabricate test devices is shown in Figure 5.5. Solvent cleaning and HSQ development followed
standard procedures which were not modified. The resist spinning process was varied while the
lift-off process was developed and the PMMA deposition was omitted while experimenting with
a process in which the HSQ mask was left on top of the waveguide in the finished device. Elec-
tron beam lithography processing was routinely modified to reduce the electron beam write time
while providing sufficient resolution and reactive ion etching processing times were modified for
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Si3N4 films of different thicknesses. The SiO2 PECVD process was developed in parallel as the
work progressed and so was modified frequently; often samples within the same design batch
would receive different top cladding layers. Waveguide facet preparation followed a standard
process but inherently required that samples were polished individually.
Figure 5.5: Si wafer is subjected to wet oxidation providing a SiO2 substrate, a Si3N4 core layer
is then deposited by low pressure chemical vapour deposition. PMMA resist and HSQ resist
layers are then spun on. The HSQ is patterned with electron beam lithography, then developed
with Tetramethylammonium Hydroxide. The exposed PMMA is removed with O2 plasma. The
Si3N4 is ecthed with CHF3 reactive ion etching, and the remaining PMMA is removed with
1165 resist stripper leaving a ridge waveguide. A top cladding layer is then deposited by plasma-
enhanced chemical vapour deposition to create a buried waveguide.
5.3.1 Wafer Cleaving
The silicon wafers are chosen such that they have (100) crystal orientation [108]. To ensure
that any resulting shards of silicon or any particulates do not contaminate the wafer surface, the
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wafer is first subjected to spin-coating of a photoresist. Typically MicroChem S1818 was used
for this but the actual resist used is immaterial as long as in can be removed later in the solvent
cleaning step. The coated wafer is secured to the work surface and a diamond tipped scribe
tool is used to nick the edges of the silicon where it is to be cleaved and the crystal orientation
typically ensures that cleaving is orthogonal.
5.3.2 Solvent Cleaning
Samples are cleaned in a laminar air flow cabinet. They are first submerged in acetone in a
beaker and then placed into an ultrasonic bath which is then turned on for 2 minutes. This is
repeated with a new beaker of acetone to minimise any residue. The sample should not be left
to dry because acetone leaves a residue as it dries. Instead the samples are transferred to beakers
with isopropyl alcohol (IPA). Samples are removed from the IPA and then held down on a clean
room wipe and dried with a nitrogen gun. Cleaned samples are then subjected to O2 plasma
ashing which, as well as aiding in cleaning the samples, promotes adhesion of the resist because
it results in an active surface [109].
5.3.3 Resist Spinning For Lift-off
Prior to resist spinning, samples are dried in an 180 ◦C oven for about 30 min to further pro-
mote resist adhesion. There are two stages of resist spinning in this process because lift-off is
performed. The sacrificial layer of resist is spun on first, polymethyl methacrylate (PMMA) is
spun on at 2,000 rpm resulting in approximately 50 nm of PMMA on the sample. The sample
must then be baked either in an oven or on a hotplate at 180◦C for 30 min or 90 s respectively.
The thickness of the remaining PMMA film is measured using the Filmetrics thin film mapping
tool which measures the reflectance of the sample, compares this to a baseline measurement
of a calibration wafer of known reflectance, and then fits a model to the measured data which
takes into consideration the refractive indices of the material stack and approximate thickness
estimated by the user (see Figure 5.6).
The resist which is actually used for lithography is hydrogen silsequioxane (HSQ) which is
a inorganic negative tone electron beam lithography resist, negative tone means that the areas of
resist exposed to the electron beam will remain after development. This is especially desirable
when writing very small features by electron beam, as writing the same features in a positive
tone resist would take a far greater amount of time. HSQ was originally developed for the semi-
conductor industry to serve as an insulating layer and to be used in planarisation [110]. Early
work using HSQ as an electron beam lithography resist demonstrated that a line edge rough-
ness of < 2nm was achievable [111], this agrees with the line edge roughness value used in
the Lacey-Payne model in Section 3.2. Electron beam exposure causes the cubic structure of
HSQ (see Figure 5.7) to break up and form a linear network structure by cross-linking. The
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PMMA = 46.22 nm 
Goodness of fit = 0.99072
Figure 5.6: Reflectance measurement using the Filmetrics thin film mapping tool. The re-
flectance is modelled by taking into consideration the material refractive index and estimated
thickness. The sample used was bare Silicon with PMMA spun on top. This allowed for a
cleaner signal and a high “goodness of fit”. A goodness of fit of 1 would be a perfect fit.
Si-H bonds are weaker than the Si-O and so these bonds break due to the electron beam expose
resulting in the formation of silanols (with the Si-OH group) which form a linear network of
Si-O-Si bonds. This final cross linked structure is silica like and when used as an etch mask, is
often left in place as its absorption is very similar to silicon dioxide [112]. Alkaline developers
are used to develop HSQ. The OH− reacts the unexposed HSQ to from ionised silanol which
is soluble in the developer and so the unexposed HSQ dissolves in the developer. Several al-
kaline developers can be used for developing HSQ such as sodium hydroxide (NaOH), lithium
hydroxide (LiOH), and potassium hydroxide (KOH) however tetramethylammonium hydroxide
(TMAH) is commonly used to develop HSQ in the JWNC [110]. HSQ is spun on at 5,000 rpm
resulting in a film around 330 nm thick.
5.3.4 Electron Beam Lithography
The Vistec VB6 UHR EWF electron beam lithography tool is used to pattern device features.
The main benefits of electron beam lithography are the possibility of writing sub-5 nm features
and the ability to change designs without producing multiple photomasks (as would be required
for photolithography). The VB6 has many electromagnetic coils to align, shift, focus, and scan
the beam in the x and y directions; there is also an electrostatic blanker unit which uses an
electric field to divert the beam such that it can be blocked, turning it on or off. The main-
field coils direct the beam within the main field to select a sub-field and the sub-field coils



























Figure 5.7: Hydrogen silsequioxane (HSQ) is commonly used resist for high resolution (< 2nm)
electron beam lithography, it has a cubic structure which is broken up by alkaline developers
resulting in the formation of a liner network of silanols that is silica-like.
write a pattern within the sub-field. The tools pattern generator has a 20 bit digital to analogue
converter (DAC) allowing 220 = 1,048,576 pixels while the maximum size of the writing field is
1.310 72 mm as determined by the design of the tool. The VB6 resolution is the writing field size
divided by the number of pixels and so the maximum writing size gives a resolution of 1.25 nm;
it is also calibrated for 1.0 nm and 0.5 nm resolution corresponding to a maximum field size
of 1048.576 µm and 524.288 µm respectively but for this application it is generally beneficial
to have the largest main field possible and a resolution of 1.25 nm is more than sufficient. For
patterns larger than the main field the electron beam cannot be deflected enough to write the
entire pattern and so the pattern is split into fields 1.2 mm × 1.2 mm; to move between these
fields, the sample stage must be moved such the centre of the electron beam deflection range is
centred on the next field. The calibration of the sample stage movement drifts over time and can
introduce significant stitching errors in features crossing adjacent main fields (see Figure 5.8).
The main fields are then split into up to 64× 64 sub-field squares for the 1.25 nm resolution.
Within each sub-field, the beam moves between dose locations remaining at each one for a du-
ration of time which will give the required dose. The minimum time is limited by the maximum
clock frequency of the pattern generator which is 50 MHz, the time needs to be long enough that
it can be sampled at 50 MHz. Dose is a measure of the number of electrons incident on an area
and is affected by proximity to other areas of exposure; this is called the proximity error effect.
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Figure 5.8: A sample fabricated during a period in which the electron beam sample stage was
poorly calibrated. Light is coupled into the waveguide by lensed fibre and the effect of the
waveguide stitching errors can be seen as there is significant light scattering at each main field
boundary within the bus waveguide of the micro-ring resonator.
Table 5.1: VB6 Beam Current And Spot Size.









where IBeam is the beam current (A), fClock is the clock frequency (Hz), and BSS is the beam
step size (m). BSS is given by
BSS = VRU×Resolution (1.25nm) (5.3)
where the VRU is the variable resolution unit, an integer between 1 and 512 chosen by the user.
When submitting a VB6 job, the user selects the dose, the beam current and VRU (thereby de-
termining the BSS). If too small a VRU is chosen, then this will violate the maximum clock
frequency of the pattern generator. The choice of beam current affects the spot size of the
beam (see Table 5.1) [110]. A higher VRU results in a larger BSS which causes greater rough-
ness in features, while a larger spot size results in a larger minimum feature size. A dose of
1300 µC cm−2 was used to write the patterns using HSQ resist, high resolution feature like the
waveguide were written using the 8 nA (12 nm) beam while larger, lower resolution features
were written using a 64 nA (33 nm) beam. Vistec provide a software called Beamer which is
used to extract layers from a GDSII file and create a VEP file which the VB6 can interpret
and is used to direct the electron beam and write the pattern. The VEP file provides informa-
tion like proximity error correction, fracturing method, and is used to merge overlapping layers.
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Proximity error correction routines ensure that the edges and corners of features are sufficiently
dosed, fracturing breaks down shapes in the design into smaller rectangles the VB6 can write,
and healing layers eliminates regions of overlap ensuring that these regions are not accidentally
overdosed. Beamer can be used to visualise the effects of spot size and beam step size. A novel
use of Beamer is to reduce the job time by using the bulk and sleeve method which is used to
split a layer into regions that written using the large and small spot sizes. The edge roughness
of a waveguide greatly affects performance and so the edges are patterned with a smaller spot
size. This is achieved by negatively biasing the original layout to reduce its size forming the
bulk, subtracting the bulk from the original to form the sleeve and positively biasing the bulk by
at least 1 BSS to ensure there is no gap between bulk and sleeve. Completed Beamer files are
exported as separate VEP files and typically there is a Beamer file and VEP file for each layer
in the GDSII file.
Belle is software created by Stephen Thoms at The University Of Glasgow. The software is
necessary to gather all VEP files that are to be written in one VB6 job. Within Belle the user
defines the substrate size and type, beam current and spot size, beam step size, dose, pattern
locations, text to be written on the sample, layer to layer alignment, tilt correction, and other
options. A Belle file is saved with a filename, comprised of the users initials followed by 4
digits, and transferred to the computer used to operate the VB6 tool. This filename is written
on the sample box as well as a unique sample number and VB6 job number before samples
are submitted for lithography. The naming convention is important because the VB6 tool is
operated by technicians who are not expected to have intimate knowledge of the device that they
are processing.
5.3.5 Hydrogen Silsequioxane (HSQ) Development
Typically, exposed HSQ is developed by holding the sample in a beaker of room tempera-
ture 25% tetramethylammonium hydroxide (TMAH) solution for 30 seconds, then a beaker
of deionised water for 30 seconds, then a beaker of IPA. However, in this case the surface ten-
sion of water could cause features to collapse or delaminate and so IPA is used in place of
de-ionised water. Appropriate safety measures must be taken when using 25% TMAH because
it is a strong alkaline and can cause severe chemical burns, even death if inhaled, ingested or
absorbed through the skin [113].
The next fabrication step (see Figure 5.5) is to remove the exposed PMMA using an oxygen
plasma. The Plasmafab RF Barrel Asher has been calibrated to provide an etch rate of ∼ 10
nmmin−1 for organic polymers when the oxygen flow rate is set to 35 sccm and the RF power is
set to 110 W. This process is dependent on temperature and so the chamber of the asher is water
cooled, to ensure the process is consistent and the chamber is allowed to cool before the process
is run. The success of this process was confirmed by measuring the step height of waveguide
features using Dektak stylus profiler before and after lift-off. The result of this characterisation
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Figure 5.9: The Detak stylus profiler data for∼ 200nm thick waveguide features before and after
the HSQ etch mask is removed by lift-off. Before and after measurements were not performed
in the exact same location. Lift-off is achieved using a sacrificial layer of PMMA which can
be easily removed with acetone. The waveguide thickness may be exaggerated by over-etching
into the SiO2 cladding
is shown in Figure 5.9.
5.3.6 Reactive Ion Etching And Lift Off
The developed HSQ acts as an etch mask ensuring that the desired pattern is protected from an
etching process that removes the rest of the silicon nitride. The etching process used for this
work is a reactive ion etching process using trifluoromethane (CHF3) as the principal etch gas
with a flow rate of 50 sccm and oxygen (O2) with a flow rate of and 5 sccm. The RF power
was set to 150 W, the temperature to 20 ◦C, and the pressure to 55 mTorr. The RF field strips
electrons from the CHF3 causing the trifluoromethane to disassociate into fluorine atoms and
CHF2+ ions. The ions are accelerated towards the sample placed on the negatively charged
electrode. The chemical reactions that result in etching of the Si3N4 surface are [114, 115]
Si3N4 +12CHF+2 → 3SiF4 +2N2 +6H2 +12CF (5.4)
and
Si3N4 +12F→ 3SiF4 +2N2. (5.5)
The etch rate is expected to be around 50 nm min−1 and this can be confirmed using an in-
terferometer during the etching process (see Figure 5.10). The thin Si3N4 films used in this
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work result in short etch times and so there is no need to be concerned about the formation of
excess polymers of the sample surface [102]. As the silicon nitride is etched away, the inter-
ferogram moves through a few fringes and the there is a noticeable change in etch rate as the
silicon dioxide bottom cladding is reached. Some over-etching is expected and it is possible
that the roughness introduced by this over-etching is a contributing factor to the improved per-
formance seen in devices with a top cladding. The reduced index contrast between the top and
bottom cladding relative to the air and bottom cladding would result in reduced scattering with
the addition of a top cladding layer.



























Figure 5.10: The sinusoidal interferogram is expected as the Si3N4 is etched away, this is similar
to scanning a mirror on a Fabry Pérot interferometer. The SiO2 has a different etch rate and so
there is a noticeable deflection in the interferogram once the etch is complete and the SiO2 has
begun to be etched. This is emphasised here by a projected straight line fit of the deflected
region, this would take a sinusoidal form if the etch were allowed to continue.
Once the etch is completed, the etch mask can be removed by lift-off. The lift-off is per-
formed by submerging the sample in a beaker with Microposit Remover 1165 which is an or-
ganic solvent typically used to remove baked photoresist. The beaker is then placed in a 80 ◦C
water bath for a period of 10 min. Due to the flammable nature of Microposit Remover 1165,
this is not done at higher temperatures. The success of this process is illustrated in Figure 5.9.
At this stage the sample is ready for the top cladding deposition as outlined in Section 5.2.3.
Before this step the sample can be inspected by scanning electron microscope (SEM) to ensure
that there are no etch defects, this is of particular importance in the coupling region, an example
SEM image of a Si3N4 micro-ring resonator is shown in Figure 5.11.
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Figure 5.11: Scanning electron microscope images were taken of a micro-ring resonator (left)
and a close up image of the coupler region (right).
5.3.7 Waveguide Facet Preparation
Completed waveguide samples must be diced or cleaved to expose the waveguide facets for
testing. Cleaving is a simple method of sample preparation but the optical quality of the resulting
facets is not guaranteed. Before cleaving or dicing, the sample is coated in a protective layer
of photoresist which protects the waveguide features from the resulting silicon debris would
could potentially scratch or otherwise contaminate the waveguides. In order to cleave samples,
a scribing tool is used to nick the edge of the samples at precise locations parallel to the sample
cleavage planes, the samples are then placed over a securely held razor blade aligned to the
scribe marks, this allows the samples to be cleaved manually in a controlled manner. Dicing
and polishing is a more involved but more repeatable process. Samples are cut perpendicular
to the waveguides using a DISCO DAD3350 diamond dicing saw. This results is a flat edge
which can be easily polished but does not produce optical quality facets initially because of
saw marks in the facet. Diced samples are then securely clamped in the waveguide polishing
gig and mounted in the Allied High Tech Products Multi-prep Polishing System. The polishing
system consists of a rotating platen with an abrasive pad and an oscillating head which moves
samples across the rotating platen and then water is flowed across the platen surface to act as a
cutting fluid and remove debris (see Figure 5.12). The force applied by the oscillating head is
controlled by varying the counter weight from 400-200 g and abrasive pads with particles sizes
of 9 µm down to 10 nm are used. The rotational speed of the platen and the sample oscillation
rate can be controlled and slower speeds result in a less aggressive rate of material removal. A
slower rate of removal can be sought after in order to minimise the heat build-up due to friction
as a excessive heat build-up can lead to carbonisation of the protective layer of photoresist. By
decreasing the force applied and decreasing the particle size of the abrasive pads, a smooth,
optical quality waveguide facet can be achieved. Polished or cleaved samples are then subject
to another solvent clean (as detailed in section 5.3.2) to remove any leftover debris from the
polishing/cleaving process and the protective resist layer.








Figure 5.12: Allied High Tech Products Multi-prep Polishing System consists of a rotating
platen with interchangeable abrasive pads and an oscillating head which moves samples across
the rotating platen. Water is flowed across the platen surface to act as a cutting fluid and remove
debris. Force applied to the oscillation head, the rate of oscillation, and the rotational speed of
the platen can be controlled. Together these determine the rate of material removal.
5.4 Discussion
A process has been developed for the fabrication of LPCVD silicon nitride core waveguides with
a thermal oxide bottom cladding and PECVD silicon dioxide top cladding on a silicon substrate.
There remain many possible avenues of process development for future work. These include
the development of thicker top and bottom cladding layers, a reactive ion etching process result-
ing in lower damage and smoother sidewalls, a comparison of photo-lithography and electron
beam lithography methods, the development of thicker silicon nitride (requiring stress relaxation
of the Si3N4 film) or thinner silicon nitride (requiring a thicker bottom cladding to avoid sub-
strate loss), and smoothing of the material interfaces by chemical mechanical polishing (CMP)
in order to reduced scattering at top and bottom faces of the silicon nitride core. Thicker bottom
cladding could be achieved simply by increasing the growth time but as required deposition time
goes exponentially with film thickness this was not deemed to be a practical solution. Thermal
silicon dioxide films up to 15 µm are commercially available and have been procured for future
development. Another possible method of producing thicker bottom cladding is to use PECVD
to supplement the thermal oxide bottom cladding or simply use PECVD for the entire bottom
cladding. Using PECVD to supplement a thermal oxide bottom cladding could introduce another
material interface resulting in increased scattering at that interface. A PECVD bottom cladding
could potentially improve the index matching between the top and bottom cladding if the same
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process was used for both films but at present the refractive index resulting from the PECVD
process has a refractive index error an order of magnitude greater the refractive index of films
produced by thermal oxidation and so a PECVD bottom cladding is expected to only exacerbate
modal mismatch and the resulting issues caused by slab mode formation. A reactive ion etch-
ing process using sulphur hexafluoride and nitrogen gas flows has been shown [116] to produce
vertical, low damage sidewalls and shows promise for development of an etch process resulting
in smoother sidewalls. Micro-rings were fabricated using this process and subsequently charac-
terised but the results were inconclusive and this avenue of process development was deemed
too time consuming to be completed within this body of work. Electron beam lithography was
used in this work because it allows for rapid prototyping and very small feature sizes (< 10nm).
It is possible however that the line edge roughness of the waveguides is limited by the electron
beam lithography rather the etch process and so it is desirable to directly compare the results
of a micro-ring fabricated using electron beam lithography with a micro-ring fabricated using
photo-lithography [117]. It has been found that propagation loss of waveguides is expected to
be reduced for wider waveguides and so for micro-rings with wider waveguides (> 1µm), the
small feature size was only required to realise the gap spacing between the bus waveguide and
the micro-ring which was typically ∼ 200− 300nm. Larger gap spacing with similar coupling
coefficient could be realised utilising a racetrack ring-resonator design. It would be possible to
design micro-rings with minimum features size (> 1µm) which could be fabricated by photo-
lithography and by electron beam lithography to allow a direct comparison of micro-ring Q
factors resulting from the two fabrication methods which would determine whether or not the
line edge roughness of the waveguides was limited by the electron beam lithography.
The fabrication of low confinement nitride waveguide cores (< 100nm thick) was hindered
only by the unavailability of material with a suitably thick bottom cladding layer, these wafers
are now available and this will be pursued in future work. Thicker silicon nitride layers require
temperature cycling and potentially some form of strain relaxation. Strain relaxation of sili-
con nitride films can be achieved by the Damascene photonic process [33] whereby waveguide
features are etched into the silicon dioxide bottom cladding and the resulting trenches are over
filled with LPCVD silicon nitride and then planarized by CMP. This would require development
of many new processes. Thicker silicon dioxide bottom cladding could be required to provide
the same isolation from the silicon substrate for silicon nitride waveguides fabricated by the
Damascene process although this could be mitigated if thicker (and higher confinement) silicon
nitride waveguide cores could be fabricated. The lithography could require a positive tone resist
as it would be the features that would need to be etched rather than the surrounding material
but a suitable resist might not be able to function as an etch mask (such as HSQ does during the
Si3N4 etch process used in this work). Amorphous silicon is used as an etch mask for etching the
SiO2 in the process detailed in [33] which would required some development before it could be
used in the JWNC. Polishing by CMP would require characterisation of the surface roughness
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by atomic force microscopy to check if polishing can be used to reduce the surface roughness
and to quantify the resulting change.
Chapter 6
Ring Resonator Characterisation
Micro-ring resonators fabricated using the methods detailed in Chapter 5 were subjected to opti-
cal characterisation in order to determine their Q factor, considering the Q-factor to be the figure
of merit for micro-ring resonators. Transmission spectra of the micro-rings were recorded by
sweeping the input frequency of a 780 nm titanium sapphire laser and detecting the transmitted
power on a silicon photodetector. The recorded spectra were analysed using regression analysis
by the method of least squares to fit both a Lorentzian distribution and the equation describing
the normalised power transmission of an all-pass micro-ring resonator (Equation 4.19) to the
raw data in order to perform parameter estimation. The coupling coefficient was found using
the method detailed in Chapters 2 and 3 and conclusions regarding micro-ring resonator perfor-
mance are drawn with the assistance of insight gained from Chapter 4. The highest Q-factor
value found in this work was (1.38±0.04)×106 for a 200 nm thick and 1100 nm wide silicon
nitride waveguide core with a 1 µm silicon dioxide top cladding corresponding to a propagation
loss of 0.261±0.009 dB cm−1. Comparisons are drawn between the micro-ring resonators in
this work and those found in literature, finding that this work represents the highest Q-factor
demonstrated for buried waveguides at such short wavelengths. The potential utilisation of the
1.4 million Q factor micro-ring resonator as a frequency discriminator is also discussed.
6.1 Method
A SolsTiS laser manufactured by M Squared Lasers was used to characterise micro-ring res-
onators designed and fabricated using the techniques outlined in Chapter 5. It has a titanium
sapphire gain crystal and continuous tuning range of 670-1050 nm outputting TEM00 light with
linewidth specification of <50kHz (100 am). The laser linewidth was measured by beating it
with a 200 Hz linewidth Koheras HARMONIK fiber laser system and fitting Lorentzian, Gaus-
sian, and pseudo-Voigt distributions to the beat spectra in a process similar to that outlined in
Section 6.2. From the fit parameters of these distributions, the linewidth was found to be 45,
56, and 51 kHz respectively (see Figure 6.1). The laser has three internal cavities which can
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Figure 6.1: Linewidth of the SolsTiS laser measured by beating it with a 200 Hz secondary
laser. A Lorentzian, Gaussian, and pseudo-Voigt distribution are fitted to the raw spectral data
to determine linewidths of 45, 56, and 51 kHz respectively. Measurement was performed by Dr
Euan McBrearty and Dr. Scott Watson.
provide three different frequency sweeps. These have a maximum scanning range of 250 GHz
(500 pm), 66 GHz (130 pm), and 30 GHz (60 pm). The 30 GHz (60 pm) and 250 GHz (500 pm)
scans were used exclusively in this work, these have a scanning resolution of 60 fm and 370 fm
respectively. The laser output passes through an optical isolator to prevent reflected beams from
entering the laser and an array of neutral density filters are in place to provide coarse control
over the transmitted laser power. A optical chopper is in the free space path and the controller
for the chopper provides a reference frequency for the lock-in amplifier that the photo-detector
is connected to. This prevents stray light sources from introducing spurious signals.
Light is focused onto the tip of an optical fibre using an aspheric lens achieving typical
output of 300 mW from the initial optical fibre which is then connected to a fibre attenuator
which can provide fine adjustment. The complete fibre coupling layout is shown in Figure 6.2.
A fibre based polarisation controller is used to ensure the correct polarisation is inject into the
waveguides. The polarisation controller is connected to a lensed fibre constituting the last of 4
fibre-fibre connections in the optical path. Each of these connections is specified to have a loss
of < 0.5dB for 635 nm light when using single mode fibre such as was used in this setup. The
fibre shielding is stripped back and the fibre is held in a V-groove fibre holder secured to a 4-
axis stage (2 linear, 2 rotation) on a 1-axis stage which provides additional travel in the direction
in which light is injected and raises the fibre to approximately the desired height. The lensed
fibre has a spot-size of (5±1) µm and a working distance of (25±3) µm allowing for light to be
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Figure 6.2: Fibre coupling setup is shown. Laser enters through the optical isolator (top right)
and passes through the neutral density (ND) filter before hitting the first mirror. The beam then
passes through the optical chopper before reflecting of the second mirror. The beam is then
focused by an aspheric lens, secured in a 2 axis cage mount, onto the end of a 90° polished fibre.
Image created by Dr. Euan McBrearty
focused onto the input facet of the waveguides. Fibres with smaller spot-sizes were often used
for better power coupling and reduced scattering from the cladding but these are fragile and
easily broken. To aid in alignment, each sample was designed to have very wide waveguides
(∼ 40µm) and a triplet of 5 µm wide waveguides. The very wide waveguides are easy to align
to and ensure approximate alignment of the system. The waveguide triplet indicated that the
correct working distance had been set when light was well coupled into the centre waveguide
and poorly coupled into the peripheral waveguides. Light exiting the chip is collimated using a
microscope objective lens and can be detected using a silicon camera for alignment purposes or
a silicon large area photo-detector connected to a Princeton 5210 lock-in amplifier for recording
transmission spectra. The lock-in amplifier was configured with a time constant of 10 ms and
typically the 1 mV scale was used.
The SolsTis laser is controlled using proprietary software that communicates with the laser
using JSON (JavaScript Object Notation) via TCP (Transmission Control Protocol). It would
have been desirable to begin data acquisition as the SolsTiS scan begins and end acquisition as
the scan ends but the closed source software meant that communicating with the laser using 3rd
party software proved to be a significant challenge. When the laser is configured to sweep across
the same frequency range continuously, this results in rapid motion of the mirrors in the internal
cavities of the SolsTiS between the start and end points of the sweep. The rapid mirror motion
results in a sharp change in the power transmission which can be easily and precisely identified
on the transmission spectrum. The lock-in amplifier is controlled using a modified LabVIEW
file [118] which saves the data to a .txt file. The resulting raw data is shown in Figure 6.5.
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Figure 6.3: Top left: 40 µm slab mod waveguide for alignment of sample relative to lensed
fibre input and objective lens at the output. Top right: Triplet of 5 µm waveguides used to
find the lensed fibre working distance. Bottom left: Waveguide triplet with lensed fibre at the
correct working distance. Bottom right: An aligned single mode waveguide with good power in
coupling from lensed fibre. This is illustrated here with SU8 waveguides discussed in Chapter
8.
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Ge on Si sample
Figure 6.4: Schematic diagram of ring resonator optical transmission experimental setup.


















Figure 6.5: Raw data as recorded using LabVIEW directly from the Princeton 5210 lock-in
amplifier. Data shows a few complete scans of the SolsTiS with data acquisition begins and
ends at arbitrary times.
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Figure 6.6: The data shown is cropped to include only one distinct sweep of the SolsTiS. The
wavelength axis is determined by the centre wavelength and frequency span input to the SolsTis.
The voltage axis is determined by scaling the recorded value by the scale setting on the lock-in
amplifier at the time of acquisition.
6.2 Analysis
The data was loaded from the .txt file for analysis using a python script. The raw data is cut at
the beginning and end of the wavelength sweep thereby creating y-data which is scaled by the
voltage setting on the lock-in amplifier. A corresponding x-axis of the same length is created
using the frequency span and centre wavelength input to the SolsTiS to create a linearly spaced
variable. It is assumed here that the wavelength sweep is linear. The result is a calibrated plot
of each SolsTiS sweep, see Figure 6.6 for a 30 GHz (60 pm) scan of the transmission spectra
of a micro-ring resonator with 1100 nm wide 200 nm thick waveguide core, a 1 µm thick top
cladding, and a radius of 300 µm. Sample spectra typically show a Fabry Pérot artefact resulting
from reflections from the chip facets. The nature of these artefacts can be verified by considering





where neff = 1.71 and FSRλ ≈ 12pm which gives a waveguide length of 15 mm as expected.
For each sweep, the peaks are found by first low pass filtering the calibrated signal data to
avoid false peak detection and then differentiating the result and returning the indices of the zero
crossings between adjacent maximum and minimum values (see Figure 6.7). The zero crossing
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Figure 6.7: The derivative of the low pass filtered data shown in Figure 6.6. This clearly shows
the position of the resonance peak between the maximum and minimum values shown in this
plot.
index found in this method provides the peak location in Figure 6.6 and a symmetric window
around the peak is selected for curve fitting, the window size is ideally set to be wide enough
such that the tails of the probability distribution are adequately fitted to and the resulting Q
factor values converge. A pre-defined curve such as a Gaussian or Lorentzian distribution can
be fitted to the resonance peaks using the curve_fit function in the scipy package to perform a
non-linear least squares fit [121]. The y error of the raw data is required to obtain errors on the
fitting parameters. To obtain suitable y errors for the raw data, a transmission spectra of the same
centre and span was recorded with no sample in place. This allows for total effect of the laser
amplitude noise and the photodiode noise sources to be characterised. However, with the sample
no longer in place there is much more power incident on the photodiode. To turn the laser power
down to account for this would misrepresent the amplitude noise of the laser and so the noise
was recorded for much greater incident power. The photodiode voltage is approximated by a
straight line fit which is subtracted from this data to remove the effect of longer term drift (that
is accounted for in the polynomial for the resonance curve fitting) and the standard deviation of
the result provides an estimate of the noise, see Figure 6.8. This uncertainty is then propagated
to y data in the measured resonance spectra and shown by the y error bars (an example of this
can be seen in Figure 6.14).
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Figure 6.8: Left: The photodiode voltage against laser wavelength recorded with no sample in
place with straight line fit through the data approximating the long term drift in laser power.
Right: The data subtracted from the straight line fit. The standard deviation of this is found and
taken to be an estimate of the noise. This noise is due to laser amplitude noise and the photodiode
noise sources, it is scaled appropriately as it is propagated to the resonance transmission spectra
as shown in Figure 6.14.
The power transmission of light through an all-pass micro-ring resonator is described by
Ptran(ν) = A
t2−2tτ cos [2π(ν−ν res)tRT ]+ τ2
1−2tτ cos [2π(ν−ν res)tRT ]+ t2τ2
+B(ν) (6.2)
where A is the amplitude of the power transmission peak, t is coefficient for the field amplitude
transmitted through the bus waveguide (rather than coupled into the resonator), τ is the field am-
plitude loss of the ring resonator, ν is the free space frequency, ν res is the resonance frequency
of the resonator, tRT is the round trip time for the micro-ring resonator (see Equation 4.5), and B
is a background function describing the data in the absence of the resonance peak [90,92]. This
is equivalent to Equation 4.19 but expressed as a function of frequency instead of phase using
θ = 2π(ν−ν res)tRT . It has been shown that it is possible to determine both the loss and coupling
coefficients of a ring resonator by fitting Equation 6.2 to the recorded power transmission spectra
but that these values are irrevocably entangled for a single resonance measurement such as this.
They could, however, be distinguished by performing measurements of a series of resonance
peaks and determining which fitted parameter shows the (co)sinusoidal behaviour with wave-
length expected for the coupling coefficient [46]. Using the coupling coefficient values found
in Chapter 2, the resonator loss and in turn the waveguide propagation loss can be determined
by fitting Equation 6.2. This equation is relatively complex to fit because the input variable
(frequency) is an argument in a cosine function in both the numerator and the denominator.
Micro-ring resonators are more routinely characterised by fitting a Lorentzian distribution to
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the resonance peak [40, 41, 122],






where ν res is the mean frequency of the distribution corresponding to the resonance frequency
and γ is the half width at half maximum (HWHM). By fitting Equation 6.3, via a non-linear
least squares method, the essential attributes of the resonance peak can be found. The Q factor
is defined in Equation 4.27 as the ratio of the resonance peak mean position and the full width





and the amplitude is given by A which is also used to find the extinction ratio of the resonance
peak. The peak slope gradient is determined by taking the derivative of the Lorenztian distribu-
tion and finding its maximum value which corresponds to the side of the resonance peak. The
background function, B(ν), used in Equations 6.2 and 6.3 is the second degree polynomial,
B(ν) = b0 +b1(ν−ν res)+b2(ν−ν res)2 (6.5)
where b0,1,2 are coefficients of the polynomial. This accounts for long term power drift of
the laser and the Fabry-Pérot resonance that occurs due to the reflections for the end facets of
the sample chip. The result of the noise estimation, background fitting, and Lorentzian curve
fitting is shown in Figure 6.14. The photodiode voltage V is converted into optical power P
by considering the PDA100A detector responsivity of 0.580 A W−1 [123], load resistance R of






Initial experiments with 500 nm wide, 200 nm thick waveguides with and without top cladding
illustrate that higher Q factor values can be achieved with an SiO2 top cladding layer. The Q fac-
tor was measured at least 3 times for each gap spacing for both the air clad ridge waveguide and
SiO2 clad buried waveguide samples (see Figure 6.9). The samples with the top SiO2 cladding
are shown to exhibit a Q factor about twice as great as the samples with no top cladding. It is
expected that the sidewall roughness of the waveguide core is a critical loss mechanism [66,72]
and it has been shown in other work that low propagation losses can be achieved either by
designing high aspect ratio waveguides such that the modal interaction with the sidewalls is
minimised [77, 78, 94]. For this reason, the width of the waveguides was increased in subse-
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Figure 6.9: Average measured Q factor values against the coupling coefficient κ for micro-rings
comprised of 200 nm LPCVD Si3N4 waveguide core on a 4 µm SiO2 bottom cladding. The
waveguide width is 500 nm, micro-ring radius is 250 µm, and the SiO2 top cladding is 1 µm. A
linear fit is provided as a guide for the eye, this trend should not be assumed to be linear. Errors
bars were found to be too small to be seen and so have been omitted. This sample was designed
and fabricated by Dr. Kevin Gallacher.
quent devices. Chapter 4 suggests that the Q factor can be optimised by reducing the coupling
coefficient and so for each waveguide width that was tested, micro-rings with a range of gap
spacings were characterised. At higher Q factor values, the effect of under sampling became
more pronounced when using the 250 GHz scan. This presents most noticeably as a difference
between the resonance peak amplitudes observed within a recorded transmission spectrum of a
single micro-ring resonator. The tips of the peaks are not adequately sampled resulting in the
FWHM being taken at closer to the base the resonance peak, artificially reducing the Q factor.
For this reason the maximum Q factor values are recorded in Figure 6.10 as this is deemed to be
more representative of the true Q factor value. The resonance peaks in the transmission spectra
of micro-ring resonators with 1100 nm wide waveguides could not be adequately resolved using
the 250 GHz scan and so had to be recorded using the higher resolution cavity with 30 GHz
scanning range. The trend shown in Figure 6.10 of Q factor increasing with waveguide width
suggests that the limiting loss mechanism was the sidewall scattering and that higher Q factor
values are achievable for wider waveguides. Results from Figure 6.10 are for samples with no
top cladding; considering also Figure 6.9, it is clear that higher Q values can be obtained for
wider waveguides with a SiO2 top cladding but it is essential to characterise these micro-rings
using the high resolution scanning cavity with a range of 30 GHz.
The sidewall interaction can also be reduced by either making the waveguides very thin
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Figure 6.10: The maximum measured Q values against waveguide widths for micro-rings with
200 nm LPCVD Si3N4 waveguide core on a 4 µm SiO2 bottom cladding with no top cladding.
Micro-ring radius is 300 µm except for the 250 µm radius micro-ring resonator with 500 nm wide
waveguides, this is expected to have no significant effect.
[77, 78, 94], i.e. weakly confined, or by making the waveguides quite thick [12, 41, 122], i.e.
highly confined. The aim of the weakly confined approach is simply to minimise the surface
area of the sidewalls and make the waveguides wide enough such that the intensity of the field
interacting with these small sidewalls is low enough to yield low losses. The highly confined
approach relies upon reducing the intensity of light interacting with sidewalls by confining the
mode to the waveguide core. This approach is predicated upon the ability to deposit thick
films of Si3N4 without cracks which would normally be prohibited by the high tensile stress of
LPCVD Si3N4. This has been overcome utilising temperature cycling and annealing to fabricate
crack-free films up to 744 nm [32]. Thick Si3N4 waveguides have also been fabricated using
the photonic Damascene process whereby Si3N4 is deposited into trenches etched into SiO2
allowing for waveguides up to 1.35 µm thick [33]. Both of these options would be expected to
require a great deal of process development before crack free waveguides could be fabricated
and so the high confinement approach was ruled out for this work.
Here an attempt was made to produce weakly confined waveguides in order to reduce loss
due to sidewall scattering and achieve high Q factor micro-ring resonators by using a Si3N4 core
layer only 100 nm thick, with a 1 µm thick top cladding. The decreased core thickness and
additional top cladding affects the modal distribution and so a fair comparison cannot be made to
waveguides of the same width in Figure 6.10. Q values were measured for micro-ring resonators
with 100 nm thick Si3N4 waveguides 900 nm and 1300 nm wide for a range of gap spacing
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Figure 6.11: Left: Maximum Q factor values against coupling for micro-ring resonators with 100
nm thick Si3N4 waveguide cores, 1 µm thick SiO2 top cladding, and waveguide widths indicated
by the legend. Right: Normalised resonance peak amplitude against coupling coefficient for
micro-ring resonators with 100 nm thick Si3N4 waveguide cores, 1 µm thick SiO2 top cladding,
and waveguide widths indicated by the legend.
values. This resulted in Q values which were lower than anticipated, see Figure 6.11. The
data would seem to suggest that higher Q factors could be measured for slightly larger gap
spacing, lower κ , in the case of the 900 nm wide waveguides but these structures were present
and characterised and no resonance peaks could be detected. The resonance peak amplitude
is shown, in Figure 6.11, to decrease as coupling is decreased for larger gap spacing. It is
therefore reasonable to assume that these resonance peaks could not be resolved against the noise
floor of the transmission spectra. To better understand these results, the electric field intensity
halfway up the sidewall of the waveguides was simulated using the 2D FDE solver for 100 nm
thick waveguides with the top cladding and 200 nm thick waveguides without a top cladding,
both with 4 µm bottom cladding, see Figure 6.12. Based upon these results, the electric field
intensity at the sidewall of 100 nm thick waveguides 900 nm and 1300 nm wide is equivalent to
that of 200 nm thick unclad waveguides which are 650 nm and 850 nm wide respectively. If the
reduction in sidewall surface area caused a significant reduction in loss then this would result
in a higher Q factor for the equivalent 100 nm thick waveguides. By comparing the Q factors
in Figures 6.10 and 6.11, it is clear that using 100 nm thick waveguides with a top cladding has
not resulted in an improvement in Q factor. This could be because the thinner Si3N4 waveguide
core resulted in reduced modal confinement and therefore increased interaction with the silicon
substrate (see the 1D FDE simulation shown in Figure 3.1) which resulted in substrate leakage
loss that proved detrimental for building up a resonance peak even at high laser powers.
In order to achieve the highest Q possible with the available material and processes, a series
of micro-ring resonators 300 µm in radius with a 4 µm thick SiO2 bottom cladding, a 200 nm
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Figure 6.12: The electric field intensity of the TE0 mode at the sidewall of waveguides 100 nm
and 200 nm thick plotted against waveguide width. The 100 nm thick waveguide has 1 µm thick
top cladding and the 200 nm thick waveguide has no top cladding. In both cases there was a
4 µm thick bottom cladding.
thick 1100 nm wide Si3N4 core, and 1 µm SiO2 top cladding were made with a variety of gap
spacings. The effect of HSQ mask removal was also under consideration at this time and so sam-
ples were prepared which did not have lift-off performed, leaving the HSQ etch mask on during
top cladding deposition, which were otherwise identical to samples which did have lift-off per-
formed. The resulting Q factor measurements are the corresponding normalised resonance peak
amplitude of each measurement are plotted in Figure 6.13. The highest Q found in these mea-
surements was (1.38±0.04)×106 and spectrum from which this was found is shown in Figure
6.14. This values represents a record high Q factor for buried silicon nitride waveguides at such
short wavelengths, this is discussed further in Section 6.4. Higher Q factor values are found
for micro-rings with the HSQ etch mask than are found for the micro-rings for which lift-off
is performed. An explanation for this is that the increased resist thickness of the HSQ-PMMA
bi-layer with respect to a single layer of HSQ resulted in increased roughness during pattern
transfer but it could also simply be a result of too coarse stepping in the coupling gap spacing.
This warrants further investigation than could be done in the course of this work.
A Q factor value of 3.6×106 has been demonstrated for strip-loaded waveguide micro-rings
at 780 nm [124] wherein a thin film of Si3N4 acts as the waveguide core but the mode is localised
instead by a strip of SiO2 on top of the core layer (see Figure 1.1 for an illustration of the dif-
ferences between the common waveguide types). This strip-loaded waveguide does not require
etching of the waveguide core and so avoids the sidewall scattering losses typically found to
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Figure 6.13: Left: The Q factor against the coupling coefficient values for micro-rings with
200 nm thick Si3N4 waveguide cores, 1 µm thick SiO2 top cladding, and waveguide widths of
1100 nm. The legend indicates whether lift-off of the HSQ etch match was or was not performed.
Right: Normalised resonance peak amplitude against the coupling coefficient values for micro-
rings with 200 nm thick Si3N4 waveguide cores, 1 µm thick SiO2 top cladding, and waveguide
widths of 1100 nm. The legend indicates whether lift-off of the HSQ etch match was or was not
performed.
be the dominant loss mechanism in buried/ridge waveguides, thereby potentially demonstrating
an upper limit of Q factor for micro-ring resonators with a similar size and wavelength. How-
ever, the strip-loaded waveguides fabricated using this process [124] offer limited possibilities
for integration because the addition of top cladding or any other material to the surface of the
completed micro-ring resonator (e.g. for metallisation or packaging) would interact with the
mode which could cause optical loss. Additional waveguide cladding deposited on the surface
would need to have a refractive index lower than that of SiO2 to ensure that the waveguide mode
persists which would present a significant challenge for integration. By contrast, the foundry
compatible process detailed in this work results in a buried waveguide with a top cladding sur-
face that ensures that any material deposited on the surface cannot interact with the waveguide
mode. This facilities metallisation, packaging, and prevents any surface contamination.
The transmission spectra shown in Figure 6.14 is the same spectrum used to illustrate the
measurement method in Figures 6.5, 6.6, and 6.7. The transmission spectra shown in these
figures corresponds to a laser sweep of 30 GHz (60 pm) bandwidth around a centre wavelength
of 780 nm. The micro-ring resonator characteristics found by fitting Equations 6.2 and 6.3 are
shown in Table 6.2. The propagation loss was calculated to be 0.261±0.009 dB cm−1 from the
ring resonator length and the loss parameter τ found in Equation 6.2. The FWHMλ of 570 fm
equates to a FWHMν of 280 MHz. A high resolution scan of 60 fm (30 GHz) is required to
adequately resolve this resonance peak; it cannot be detected using the scanning cavity with a
range of 500 pm (250 GHz) which is required to measure the free spectral range (FSR) of the
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Figure 6.14: A resonance peak with y error bars found by noise estimation based upon spectra
recorded with no sample in place, a background curve accounting for long term laser drift and
Fabry-Pérot resonance due to the sample chip facets, and a Lorentzian distribution fitted to the
resonance peak and used for parameter estimation. The Q factor found from this spectrum was
(1.38± 0.04)× 106, this represents a record high Q factor for buried waveguides operating at
∼ 780nm. The other micro-ring resonator characteristics determined from the fit parameters of
the Lorentzian distribution are shown in Table 6.2.











Si3N4 668.38 25 (1.52 ± 0.02) ×105 [125]
AlN 774.24 40 20 3.0×104 [126]
Si3N4 780 20 1.5×104 [127]
polymer 780 1.1 60 1×105 [128]
TiO2 780 150 1.6×105 [129]
Si3N4 780 0.261 600 (1.38±0.04 )× 106 This work[1]
strip-loaded
Si3N4
784 0.2 700 3.6×106 [124]
SiOxNy 850 0.8 200 1.3×105 [130]
Si3N4 933.62 25 (1.04 ± 0.02) ×106 [125]
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Table 6.2: The micro-ring resonator characteristics are determined from the parameters used to














1.38±0.04 570± 20 779.9±0.8 12.3±0.2 46.8±0.6 0.261±0.009





















Figure 6.15: The transmission spectra of a low Q factor micro-ring resonator of equivalent path
length to the 1.4 million Q factor micro-ring resonator. The free spectral range is shown to be
(99±3)pm.
micro-ring resonator.
This scan was performed on lower Q factor micro-rings with the same path length and
an FSR of (99±3)pm or (49±1)GHz was found (see Figure 6.15). This disagrees with the
FSR values found using Equation 4.7 and 4.8. The particular waveguide cross-section has
Si3N4 waveguide core 700 nm wide and 200 nm thick on top of a 4 µm SiO2 bottom cladding
with a no top cladding. The effective index is found to be 1.63 and so for a ring resonator with a
radius 300 µm, the FSR is found to be 60 GHz or 120 pm which is about 20 pm greater than the
result found experimentally as shown in Figure 6.15. This difference could be due to the wave-
length dependence of the effective index. This is regularly accounted for by using the group
refractive index in place of the effective index [40,91] but in this case the group index found us-
ing the FDE solver is 2.11 resulting in an FSR of 72 pm, about 30 pm less than the experimental
value. This can be attributed to inaccuracy in the dispersion modelling used to determine the
group refractive index.
Waveguide propagation loss was determined for micro-ring resonators with a 200 nm thick
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Figure 6.16: The propagation loss of waveguides with a 200 nm thick Si3N4 core is found by
fitting Equation 6.2 to all of the available micro-ring resonator transmission spectra. Samples
have either a 1 µm thick SiO2 top cladding or only air as a top cladding as indicated in the legend.
The box extends from the lower to upper quartile values of the data and the line in between shows
the median. The whiskers extend to the 5th and 95th percentile of data and outlier points beyond
the whiskers are plotted.
core by fitting Equation 6.2 to all of the available transmission spectra, see Figure 6.16. The rel-
atively large errors associated with these propagation loss values could be due to the complexity
of Equation 6.2 but it could also be representative of the a wide variation in propagation loss due
to inconsistencies in sample fabrication. The dependence of the propagation loss on waveguide
width does however broadly agree with results of Lacey-Payne scattering model as shown in
Figure 3.11.
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6.4 Discussion
In this work, a Q factor value of (1.38±0.04)×106 has been reported, this constitutes a record
high value for a buried waveguide micro-ring resonators operating at ∼ 780nm wavelength, see
Table 6.1 for a comparison to the literature. Higher Q factors than this have been recorded for
the strip-load waveguide platform [124] but that platform is not suitable for an integrated pho-
tonic device for the reasons mentioned in Section 6.3. If the micro-ring resonator demonstrated
in this work were to be used as a frequency reference for stabilising a diode laser using the
simple side locking method [131,132], then the transmission spectra provides an error response
of 30 nW fm−1 corresponding to an error signal of 800 nV fm−1 produced by the amplified pho-
todetector. The total actuation range is ∼400fm with a maximum deviation from a set point
of ± 200fm. The resonance frequency of the micro-ring resonator would however be suscepti-
ble to temperature fluctuations and so some form of active or passive temperature stabilisation
would be required in order to utilise this micro-ring as a frequency reference for laser stabilisa-
tion, this is discussed in Chapter 7. The implementation of Pound-Drever-Hall laser frequency
stabilisation in particular is discussed within the context of future work in Chapter 9.
This high Q factor has been made possible by reducing the sidewall scattering loss and
operating in the under-coupled regime. The sidewalls scattering has been reduced in two ways:
the first is by increasing the width of the waveguides and thereby reducing the modal interaction
with the sidewalls, the second is by developing a PECVD SiO2 top cladding resulting in a
reduced index contrast (and therefore reduced scattering loss) compared to an air clad ridge
waveguide. The reduction in sidewall scattering follows from the Lacey-Payne model discussed
in Chapters 2 and 3. The decision to operate in the under-coupled regime in order to achieve
higher Q factor values is based upon the analytical modelling in Chapter 4. The experimentation
with waveguide width and thickness presented in this chapter was facilitated by first verifying
that the desired TE0 mode would be supported by the given waveguide cross-section using the
simulation procedure given in Chapter 3 and the fabrication of the micro-rings has of course
required the development of the fabrication processes as detailed in Chapter 5.
Chapter 7
Athermalisation Of Micro-ring Resonators
The theoretical temperature dependence of a waveguides effective index and the resulting tem-
perature dependence of a micro-ring resonators resonant wavelength are discussed. A scheme
is introduced whereby the extent of this dependence is reduced by using a top cladding material
with a temperature dependence that opposes that of the waveguide core and bottom cladding.
The thermo-optic properties of these potential top cladding materials are determined experimen-
tally, the resulting temperature dependence of the micro-ring resonators resonant wavelengths
are determined by simulation and compared directly with that of a micro-ring resonator with the
typical silicon dioxide top cladding.
7.1 Thermo-optic Coefficient And Temperature Dependent
Wavelength Shift
Light propagating in a medium is susceptible to the thermo-optic effect whereby a change in
the temperature of that medium results in a change in its refractive index. For a waveguide
comprised a bottom cladding layer, a top cladding layer, and a core. The total thermo-optic
coefficient (TOC) of the waveguide is determined by the bulk TOCs of the materials that form the














where T is the temperature and Γ is the modal confinement factor which describes the fraction
of the total light power confined to the waveguide core, top cladding, and bottom cladding.
The group refractive index of the mode is found using Lumerical’s FDE solver and used in
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The condition for an athermal waveguide is that
dneff(λ )
dT = 0 which can only be achieved if
the materials used have an appropriate mix of positive and negative TOCs. The TOCs of SiO2,
Si3N4, and air are 1.0×10−5 K−1 [133, 134], 2.5×10−5 K−1 [133, 135], and −0.698×10−6
K−1 [136] respectively, so a top cladding layer must have a negative TOC and be greater in
magnitude than ∼ 10−5 in order to overcome the thermo-optic effect of the core and bottom
cladding layers. From literature, PMMA is found to have a TOC of−1.28×10−4 K−1 at 656 nm
[137]. Another polymer of interest is the commonly used epoxy based resist SU8, it is often used
in micro-machining applications due its robust mechanical properties [138] and as a polymer
waveguide material for spot-size converters [139, 140] (see Chapter 8). SU8 has been found to
have a TOC of −1.1×10−4 K−1 at 1300 nm [141]. These polymers were characterised in order
to determine their suitability as top cladding layer which could satisfy the athermal condition.
SU8 is of particular interest because it is a negative tone electron beam lithography resist and so
can be patterned precisely to be only where it is required to achieve athermalisation, this would
be of great benefit for realising an integrated photonic device. Polyurethane acrylate (PUA) has
been shown to have a TOC of −4.2×10−4 K−1 [142] but attempts to develop a spin coating
process were not successful as ellipsometer results were not repeatable within the span of a few
days and so TOC characterisation was ruled out.
7.2 Measurements Of Thermo-optic Coefficients
To characterise the thermo-optic coefficients of PMMA and SU8, each polymer was spin coated
on a silicon chip, and samples were prepared with 150 nm and 300 nm thick films of PMMA
and SU8 respectively. The refractive indices of these films were characterised (as in Chapter
5) by fitting a Cauchy model to ellipsometer data. The refractive indices were found to be
nPMMA = 1.50 at 22 ◦C and nSU8 = 1.57 at 22 ◦C. In order to determine the TOC, the temperature
of the sample must be varied and the refractive index recorded. To achieve this, a thin film
heater was secured by tape and by vacuum to the eillipsometer stage (see Figure 7.1) and the
voltage varied from 0-20 V. The resulting temperature change was recorded using a Thorlabs
negative-temperature-coefficient thermistor and calibrated temperature logger [143] attached to
the heater, immediately next to the sample. The refractive index change with temperature is
shown in Figure 7.2. The TOCs of PMMA and SU8 were found to be dnPMMAdT = (−1.01±
0.08)×10−4 K−1 and dnSU8dT = (−1.7±0.1)×10
−4 K−1 by performing a straight line fit to the
experimental data and taking the gradient of the straight line to be the TOC.
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Figure 7.1: Experimental setup used to characterise the thermo-optic coefficients of PMMA
and SU8. The thin film heater raises the temperature of the sample and a thermometer taped
down next to the sample records the temperature. Shown, is a pt100 resistance thermometer,
a Thorlabs negative temperature coefficient thermistor and calibrated temperature logger were
used to record the data presented in this work.



















SU8 n = 1.57 @ 22°C
PMMA n = 1.50 @ 22°C
Figure 7.2: The change in refractive index as a function of temperature is shown for PMMA and
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Figure 7.3: The temperature dependent wavelength shift of a micro-ring resonance peak is
shown as a function of the waveguide core width and the top cladding thickness for both a
PMMA and an SU8 top cladding. The waveguide core is 200 nm thick Si3N4 and the bottom
cladding is 4 µm thick SiO2. A temperature dependent wavelength shift of zero is indicated by
the blue and red traces for PMMA and HSQ respectively.
7.3 Simulation Of Temperature Dependent Wavelength Shift
The confinement factors given in Equation 7.1 can be found by simulating the waveguide geom-
etry using the Lumerical 2D FDE solver, integrating the electric field intensity in each material
over its cross-sectional area to find the total power confined to that material and dividing this
by the integral of the total input power over the complete simulation area. By iterating over a
range of waveguide widths and polymer top cladding thicknesses, the waveguide TOC can be
optimised. In this simulation it assumed that the spin coated polymer is planar rather than con-
formal but this would need to be investigated further in the course of developing this process in
future work.
Top cladding thickness is capped at 500 nm to ensure that it cannot support a slab mode,
thereby avoiding any potential of the waveguide mode being obscured due to slab mode forma-
tion in the top cladding such as was encountered while characterising the micro-ring resonators
with a 1 µm silicon dioxide top cladding. Increasing the top cladding thickness any further was
found to have little effect on the TOC in the examples presented here due to the evanescent decay
of the light field in the cladding. Figure 7.3 shows the TDWS of the resonance peak of a micro-
ring resonator with a 200 nm Si3N4 core, a 4 µm bottom cladding and a top cladding comprised
of either PMMA or SU8 for an array of waveguide core widths and top cladding thicknesses.
The PMMA top cladding is shown to be able to approximately satisfy the athermal condition
for the waveguide widths ≤ 800nm while SU8 is shown to satisfy the athermal condition for
all waveguide widths. The TDWS for these optimised top cladding layers is compared with the
TDWS found for a top cladding comprised of 1 µm of SiO2 (see Figure 7.4).
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Figure 7.4: The optimised TDWS of the micro-ring resonance peak is shown for PMMA and
SU8 top cladding layers and compared with the TDWS found for an SiO2 top cladding.
7.4 Summary
The TDWS of the resonance peak of the 1.4 million Q factor micro-ring demonstrated in Chapter
6 is found here to be 7.34 pm K−1 which for an actuation range of ±200fm corresponds to
a temperature stability requirement of less than ±27 mK for wavelength locking applications.
For the same waveguide width and thickness, the corresponding TDWS of the resonance peak
is 1.20 pm K−1 for 500 nm thick PMMA and 0.14 pm K−1 for an optimised SU8 thickness of
290 nm. This would result in a temperature stability requirement of ±167 mK with the 500 nm
thick PMMA top cladding and ±1.43 K with the 290 nm thick SU8 top cladding. A step size
of 10 nm was used while simulating different top cladding thicknesses. PMMA and SU8 are
commonly used lithography resists and spin coating process have been well developed for these




Efficient coupling of light from a silicon nitride waveguide to free-space is a requirement for
many potential applications. The application considered in this chapter is an interferometer to be
used to measure the displacement of a micro electro-mechanical system (MEMS) accelerometer,
specifically the MEMS gravimeter developed at the University Of Glasgow [144–146]. This
application requires that the light couples from the waveguide to free space, reflects from the
MEMS proof mass, and returns to the waveguide it originated from. An inverse taper spot-size
converter with an SU8 waveguide is to be used to expand the mode diameter thereby reducing
the beam divergence in free space. The development of a spot-size converter has wide-reaching
applications because this allows for a silicon nitride waveguide to interface more effectively
with laser sources, photodetectors, and other waveguide platforms thereby facilitating hybrid
photonic devices. Eigenmode expansion simulation is used to optimise the inverse taper spot-
size converter design. A micro optical bench approach is considered using a micro-ball lens
to collimate the beam and the effect of misaligning this lens is examined by simulation. The
use of a lens allows for light to be focused onto the spot-size converter allowing for effective
coupling of light into the waveguide from greater distances and even greater modal mismatch
than could be achieved with the spot-size converter alone. Processes have been developed for
fabricating prototype devices including SU8 waveguides, registration blocks, and micro-ball
lens receptacles. A process for aligning a waveguide with a spot-size converter to the micro-ball
lens is discussed but completing the development of this process was not within the scope of this
work.
8.1 MEMS Gravimeter: Principle Of Operation
The MEMS gravimeter is at a basic level of abstraction, a mass on a spring. When oriented
vertically, the force due to the spring constant k acts in opposition to gravity, this relationship is
101
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Axis of constraint
Figure 8.1: The 4-flexture variant of the MEMS gravimeter. The proof-mass oscillates in the
axes of constraint. The red line indicates the edge taken to be point of reflection which is
characterised in Figure 8.5.




∆x = ω20 δx (8.1)




, m is the proof-mass (kg), x is the displacement
of the proof-mass (m), and ω0 is the fundamental resonant frequency of the proof-mass oscilla-
tion (rad s−1) [147]. Therefore the sensitivity of the MEMS gravimeter can be improved by either
lowering the resonant frequency or by improving the displacement sensitivity. A geometric anti-
spring system has been development and thoroughly optimised to reduce the resonant frequency
to < 10Hz (the resulting geometry is illustrated in Figure 8.1) and so means of improving the
displacement sensitivity are sought after. The displacement sensitivity could be improved using
with interferometric methods to the measure the displacement of the proof-mass. An integrated
interferometer may also allow for significant miniaturisation, this is important because one of
the main advantages of this gravimeter is its small size (and low cost) which allow for it to used
in a gravitational imaging array or as a payload on a drone [144, 146, 147].
8.2 Waveguide To Free-space Mode Coupling
To measure the displacement of the proof-mass, light must couple from the waveguides to free-
space. Upon coupling to free-space, light behaves as a Gaussian beam propagating in the x
direction. Taking the waveguide facet as the origin of the beam, the Gaussian beam is described
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by the wave equation [148]




















where E0 is the electric field distribution, w0 is the radius of the Gaussian beam at its origin
(or waist), and w(x), R(x), and ψ(x) are the beam radius, wave-front radius of curvature, and
Gouy phase each as a function of x. The phase related terms will mostly be neglected in this
analysis. Instead attention will be focused on the spatial terms describing the beam divergence.




















Therefore, the divergence of the beam is determined by the beam radius at its origin, the re-
fractive index of the propagation medium, and the wavelength of the light. To minimise the
divergence of the Gaussian beam, a spot-size converter can be used to expand the mode and
increase w0 but this must be optimised in order to reduce modal loss. Using the shortest suitable
wavelength would also reduce the beam divergence. The other factors determining the return
power are the reflectance of the waveguide (or spot-size converter) facet and the reflectance of
the silicon proof mass.
8.2.1 Simulation Of Spot-size Converters
Spot-size converters of various designs have been demonstrated to increase mode diameter [3,
35]. These designs include relatively simple lateral tapers where the waveguide width is reduced
to expand the mode [149,150], an inverse taper within a much larger and lower index waveguide
core (typically a polymer) [139, 140, 151, 152], a segmented taper (which allows control over
vertical confinement by varying the spacing of the segments) [153, 154], and three dimensional
tapers where the core thickness is varied [155]. A design consisting of an inverse taper within
a SU8 waveguide core was decided upon because SU8 processing is routinely carried out in the
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Figure 8.2: Top down view of eignemode expansion simulation of a inverse taper spot-size
converter. The 1100 nm wide Si3N4 waveguide core tapers to a 100 nm wide point within the
SU8 waveguide core. Ports 1 and 2 are labelled, port 1 is on the left in the Si3N4 waveguide and
port 2 is on the right in the SU8 waveguide.
Table 8.1: The S-matrix represents the field transmission and reflection coefficients for ports 1
and 2 illustrated in Figure 8.2. S11 is the reflection coefficient for output port 1 from input port1.
S12 is the transmission coefficient for output port 1 from input port 2. S21 is the transmission
coefficient for output port 2 from input port 1. S22 is the reflection coefficient for output port 2








JWNC and the resolution afforded by electron beam lithography negates some of the benefits of
a segmented taper. A segmented taper and a three dimensional taper would both require much
process development. This is true for the segmented taper because the segments would be more
sensitive to electron beam dosage and the etched facets of the segments could potentially cause
catastrophic losses due to the resulting edge roughness. The three dimensional taper would
require at least one more lithography step and potentially one more deposition step depending
on the process.
The inverse taper spot-size converter was simulated for a wavelength of 780 nm using Lumer-
ical’s Eigenmode Expansion (EME) solver as explained in Section 3.3 and illustrated in Figure
8.2. The refractive index of the SU8 waveguide was found experimentally (this result is dis-
cussed further in Section 8.4.1). The EME solver is used to find the scattering matrix, S, which
represents the amplitude transmission and reflection coefficients of the entire structure. The
elements of the scattering matrix are explained in Table 8.1.
The power transmission from a 1 µm by 200 nm Si3N4 waveguide core to a square SU8
waveguide is determined by taking the square of the absolute value of the scattering matrix
















































Figure 8.3: The y, z, and y-z electric field intensity profiles are shown. A Gaussian distribution is
fit to each 1D profile to illustrate that they are approximate Gaussian modes. The discontinuous
refractive index results in non-Gaussian behaviour near the material boundary.


























Figure 8.4: Left: A perspective view of a inverse taper spot-size converter with a 5×5 µm SU8
cross-section is shown. The output electric filed amplitude in the SU8 is labelled E0 while the
return amplitude is labelled E1. Right: The spot-size converter power transmission for each SU8
waveguide cross-section as a function of taper length.
parameter S21. The transmission from the Si3N4 taper to SU8 waveguide can be improved by
increasing taper length. The power transmission as a function of taper length is shown in Figure
8.4 for SU8 waveguides of different cross section, where each cross section is a square with side
length from 5-10 µm. Normalised transmission reaches ∼ 1 for both the 5 µm and 6 µm SU8
waveguides for a 10 mm taper length. This is quite long for an integrated device and so a side
length of 5 µm is assumed from here on to allow for a shortened taper length and transmission
is taken to be 1. The mode profile found in this simulation was used to find the diameter of that
mode, defined as the width of the beam at the points where the intensity of the beam is equal
to 1e2 (see Figure 8.3). The mode profile is slightly elliptical because the waveguide has a SiO2
bottom cladding and no top cladding. The mode diameters in the y and z directions are found to
be dy = 4.16µm and dz = 3.88µm. These diameters are used in Section 8.2.3.
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Figure 8.5: Left: The MEMS proof mass is held vertically under the 50× objective lens of the
Filmetrics thin film mapping tool to measure the edge indicated in red in Figure 8.1. Right:
The captured microscope image with red and blue spots to indicate the high and low refletance
areas respectively. The diameter of these spots is approximately the diameter of the beam used
to perform the reflectance measurement.
8.2.2 Measuring Silicon Proof Mass Reflectivity
The intended optical path of the MEMS interferometer would have the light coupling from the
tapered Si3N4 waveguide to the SU8 waveguide and into free-space, reflecting from the edge
of the MEMS proof mass and coupling back into the waveguide through the inverse taper spot-
size converter. The reflectively of the proof mass cannot simply be taken to be the Fresnel
reflectivity of a silicon surface because the edge has been etched using a physical reactive ion
process resulting in a rough surface, assuming that no surface conditioning or reflective coating
is used. The roughness of this surface will introduce a lot of scattering and reduce the reflectivity
of the surface. The power reflected from the surface was measured directly using the Filmetrics
thin film mapping tool discussed in Section 5.3.3. It is the edge of the proof mass that would
act as a mirror for the interferometer and so it is the edge that needed to be measured. Delicate
handling is required because the proof mass is only 200 µm thick and therefore quite fragile.
The proof mass was removed from its frame and sandwiched between two microscope slides
such that one of its axial posts is directed towards the Filmetrics tools objective lens. This setup
is shown in Figure 8.5 and so is the resulting microscope image captured by the Filmetrics tool.
The micropscope image illustrates the beam spot-size used for the reflectance measurement
(in red and and in blue) which for the 50× objective lens used in this instance is 10 µm in
diameter. This measurement clearly shows areas of high reflectance at the top and bottom edges
of the proof mass and a large area in between which has lower reflectance. The data from
the reflectance measurements performed at these areas of high and low reflectance is shown in
Figure 8.6. At 780 nm wavelength the reflectance is between 3 % in the low reflectance area and
14 % in the high reflectance area.
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Figure 8.6: The percentage of reflectance is shown against the wavelength of light for both
the high and low reflectance regions indicated in red and blue respectively as in Figure 8.5.
Reflectance is lower at shorter wavelengths as expected due to increase scattering.
8.2.3 Mode Overlap Of The Diverging Return Beam
The power return coupling into the Si3N4 waveguide can be found by modelling the divergence
of a 780 nm wavelength Gaussian beam and taking into account the following considerations; the
spot-size converter transmission (from Si3N4 to SU8) is taken to be lossless, the SU8 waveguide
cross-section of 5×5 µm is chosen, the reflectivity from the SU8 waveguide is assumed to be
the Fresnel reflectivity, and the reflectivity of the proof mass is taken from the data presented in




∣∣∣∣2 = 0.049. (8.6)
Using the notation convention introduced in Figure 8.4, where E0 is the outgoing field amplitude









Decomposing the Gaussian form given in Equation 8.2 into the spatial terms for the y and z
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Figure 8.7: The electric field amplitude distributions for the output 780 nm beam E0 and the
returning beam E1 after propagating a total distance of 1600 µm. The beam is shown to diverge
significantly while propagating in free-space.
where wy0 and w
z
0 take the values found in Section 8.2.1 and w
y,z(x) is found using Equation
8.3. The MEMS gravimeter has an actuation range of ∼ 800µm [144] and so if the facet of
the spot-size converter were as close as it could possibly be to the MEMS proof mass then it
would still have to be able to measure it’s displacement when it is up to 800 µm away. For the
light to travel from the spot-size converter to the proof mass and back would be a distance of
1600 µm. The Gaussian field amplitude distributions for an outgoing field E0 and a returning
field E1 having propagated a total distance of 1600 µm are shown in Figure 8.7. By combining
the effects of the beam divergence, the SU8 Fresnel reflectance, and the silicon proof mass
reflectance, the total return power can be calculated as a function of propagation distance (see
Figure 8.8). This demonstrates that the beam divergence is the dominant loss mechanism for
any realisable propagation distance. In order to increase the return power, it is desirable to have
some way of focusing the beam. A micro-ball lens was considered for this application.
8.3 Micro-ball Lens Alignment Tolerance
The micro-ball lens to be used to collimate the diverging light emanating from the waveguide
facet can characterised by five main parameters (the spatial parameters are illustrated in Figure
8.9). The main parameters are the diameter of the ball lens D, the effective focal length EFL,
the back focal length BFL, the refractive index of the lens material n, and the diameter of the
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Figure 8.8: The return power of a 780 nm Gaussian beam as a function of the total propagation
distance is shown for silicon reflectance values of 3 %, 14 %, and 100 %. The beam divergence




Figure 8.9: Key parameters of a micro-ball lens; the diameter of the ball lens D, the effective
focal length EFL, the back focal length BFL, and the diameter of the resulting collimated beam
d.
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and the back focal length is given by
BFL = EFL− D
2
. (8.10)
For a fused silica micro-ball lens the refractive index is 1.458 and a diameter of 1 mm was chosen
resulting in an effective focal length of 296.0 µm. In the case of collimated incident light, the
numerical aperture of the lens is given by













where w0 is the beam waist. This is taken to be half of the corresponding mode diameter value
found in Section 8.2.1. The inherent assumption made here is that the light field is continuous
at the waveguide facet. The divergence angles in the y and z axes are θy = 0.1279rad and
θy = 0.1193rad. The resulting collimated beam diameters are dy = 204.8µm and dz = 190.9µm.
Heretofore, perfect alignment of the micro-ball lens has been assumed. The effect of micro-ball
lens misalignment upon the Gaussian beam profile was investigated using a combination of ray
transfer matrix analysis, numerical modelling, and the Lumerical FDE solver.
8.3.1 Ray transfer matrix analysis
The tolerance of the micro-ball lens alignment could be simulated using a finite difference or fi-
nite element approach but this would have been computationally expensive and time consuming.
Instead, a ray transfer (or ABCD) matrix analysis approach was implemented using the python
library raytracing 1.1.11 [157]. This technique is based upon the paraxial approximation, that is
the assumption that rays form a small enough angle θ with the optical axis such that sinθ ≈ θ .
Each element in the optical path is described by a 2×2 ray transfer matrix operating on a vector
which describes the incident light ray (see Figure 8.10). The transfer matrix representing any













Therefore, propagation in a region of space of length s with constant refractive index is




Input plane Output plane
Optical Axis
Figure 8.10: A light right passing through a thick lens. The ray transfer matrix gives the trans-
formation of the light ray position and angle on the input plane to its position and angle on the
output plane.


















where n1 is the refractive index at the input plane, n2 is the refractive index at the output plane,
R < 0 represents a concave radius, and R > 0 represents a convex radius. Generally, a lens can
be considered as an interface with radius R1 followed by propagation of a length equal to the



















where n1 is the refractive index at the input plane and at the output plane and n2 = nL is now the
refractive index of the lens material. If the lens is in air then n1 = 1 and so the transfer matrix
for this lens becomes
M =
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This ray transfer matrix is used for the micro-ball lens considered in this work because the
micro-ball lenses do not satisfy the thin lens approximation which would allow using the much







where f is the focal distance.
One of the advantages of the ray transfer matrix approach is that it can be used to consider
Gaussian beam propagation as well as optical rays. This is done by propagating the complex














such that for any optical element, or sequence of elements, the complex beam parameter at the





where q1 is the complex beam parameter at the input plane and q2 is the complex beam parameter
at the output plane. The power of this approach is that a Gaussian beam can be tracked through
a complicated optical path by simple matrix linear algebra.
The required arguments for optical ray propagation using the python library raytracing 1.1.11
[157] are the height of the object, the object position (x = 0), the ray number indicating number
of points on the object that are to be tracked, the fan number indicating number of individual
rays in each set (or fan) of rays, and the total fan angle encompassed by a set of individual
rays. These rays can be propagated through the optical system to form what is referred to as
the “imaging path”. The Gaussian beam can be generated using the variables of the complex
beam parameter. In this instance the waist, refractive index of air (n = 1), and wavelength
(λ = 780nm) were used to generate the beam. Considering equations 8.3, 8.4, and 8.19, this is
all the information required. This beam is propagated through the system to form what is referred
to as the “laser path”. The rays in the laser path representation indicate the beam radius w at
that point. The diffraction of the Gaussian beam in free space is accounted for by subdividing
each space element into smaller space elements and calculating the beam radius at the interface
of each of these [157].
8.3.2 Alignment Tolerance Simulation
In Section 8.2.3 it was stated that the proof mass could have an actuation range of 800 µm. In
this analysis the space between the lens and the proof mass mirror is set to 1 mm, this assumes
that the proof mass is at its maximum displacement with respect to the lens while leaving a
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200 µm gap when the proof mass at its minimum displacement. The optical path of the MEMS
interferometer is considered by unfolding it around the point of reflection (the proof mass) and
creating a duplicate of the micro-ball lens. The mirror is assumed to be perfect here, as the focus
of this treatment is to determine the affect on lens misalignment upon the return power coupling
of the beam. The ray matrix imaging path illustrated in Figure 8.12 was used to determine
the effect of transverse misalignment from 0-1.5 µm while the ray transfer matrix laser path in
Figure 8.11 was used to find the effect of misalignment in the optical axis for an array of test
focal lengths from 276-316 µm.
The ray transfer matrix analysis was validated for the imaging path by varying the position
of the first lens using the array of test focal lengths. The difference between the object height and
the image height is found for each test focal length and the lens position which minimised this
difference is returned, the spacing between lenses was kept constant. Using this method, a focal
length of 295.9 µm was found in accordance with the expected value of 296.0 µm. Similarly
for the laser path, the lens position was varied and the difference between the input and output
waists was minimised. For the small distance between the lens required for this application,
the focal length is found to be 296.2 µm using this method, again agreeing with the expected
value. For much larger propagation distances, the diffraction of the Gaussian beam in free space
becomes more significant and the value found for focal length using this method differs from
the expected value increasingly as the propagation distance is increased.
To determine the effect of defocus (misplacement of the lens along the optical axis) upon the
returning beam radius (the output of the ray transfer analysis), the difference in radii between
outgoing and returning beam in the plane of the SU8 waveguide facet must be found. For each
test focal length, the return beam radius is found at a distance after the second lens equal to the
test focal length. This is not always equal to the position of the beam waist and to use the radius
value of the waist would break the symmetry of the system. The outgoing beam radius (the
radius used to initialise the Gaussian beam) is divided by the return radius to provide a single
value which characterises this change in radius.
The transverse misalignment of the lens is considered only for lens displacements of the
same order of magnitude as the mode diameter in the SU8 waveguide, for lens displacement
values greater than this, the resulting modal overlap is assumed to be negligible. In this regime
the paraxial approximation holds true. The ray transfer imaging path is used to consider the
resulting beam steering due to object heights representing the extremes of the SU8 mode diam-
eter, wz = 2.08µm, plus the maximum lens displacement of interest, ∆zmax = 1.5µm, and so the
resulting object height maximum is 3.58µm. The increase in propagation length (and therefore
the Gaussian beam diffraction) is found to be negligible (∼ 10−8 m). The distance from the lens
at which the image formed was found, for each test lens position on the optical axis, for the
maximum transverse misalignment. This distance was found to deviate from the lenses focal
length by less than ±1µm of the focal length and so this effect will be neglected, that is the
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Figure 8.11: The red rays represent the beam radius of an optimally aligned Gaussian beam.
The green arrows indicate the waist positions.
image height will be directly compared to the object height. The final result of this analysis was
that the image height was always found to be equal in magnitude but opposite in sign to the
object height and so the relative displacement of the outgoing and returning Gaussian modes is
effectively double the lens displacement.
The modal overlap of the outgoing and returning Gaussian beams was found using the same
approach outlined in Section 8.2.3. For each value of the transverse lens misalignment the
returning Gaussian profile was displaced by twice that value. For each test focal length, the
returning Gaussian beam was scaled corresponding to the value found previously to characterise
the change in radius for the given test focal length. The FDE solver uses a similar approach to
find the mode overlap and determines the total power coupling by accounting for any reflection
resulting from the mismatch of the effective indices of the modes. By using the FDE solver to
find the power coupling from the SU8 mode profile to the outgoing Gaussian beam (this is a
fixed value), squaring this value to represent the return trip and multiplying this by the mode
overlap of the outgoing and returning Gaussian beam profiles, the total power coupling between
the outgoing mode and the returning mode in the SU8 waveguide can be found. Instead of using
an analytical method to determine the overlap integral of the outgoing and returning Gaussian
beams, the power coupling between the returning Gaussian beam and the SU8 waveguide mode
can be found directly using the FDE solver. This is multiplied by the power coupling between the
SU8 waveguide mode and the outgoing Gaussian beam to find the total return power coupling.
The resulting power coupling found using both of these methods is shown in Figure 8.13.
The alignment tolerance in the transverse plane poses a much more stringent requirement
than the alignment in the optical axis. The lens placement accuracy in the plane of the device
would be determined by electron beam lithography and therefore the lens alignment in the opti-
cal axes and in the y component in the transverse plane should not pose an issue. The alignment
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Figure 8.12: The object height is set equal to the beam radius in the z axes plus the maximum
transverse misalignment value, wz +∆z = 2.08+ 1.5 = 3.58µm. The green rays represent a
positive valued object height while the blue rays represent a negative valued object height.






























































































Figure 8.13: The return power coupling at the SU8-air interface of the beam which has propa-
gated a total distance of 2 mm in free-space is found using the analytical method (left), where the
overlap integral of the outgoing and returning Gaussian beam is found numerically, and using
the FDE solver (right) to determine the power coupling between the returning Gaussian beam
and the SU8 waveguide directly.
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Figure 8.14: Concept design for the spot-size converter lens alignment. The top photonics chip
has Si3N4 waveguide inverse taper (green) within 5× 5µm SU8 waveguide cores (blue). The
SU8 features on the bottom carrier chip (red) include the registration blocks against which the
photonics chip is aligned and the micro-ball lens receptacle. Waveguide widths are exaggerated
for purposes of illustration. The alignment waveguides discussed in Sections 5.1, 6.1, and 8.4.1
are not shown here.
in the z axis in the transverse plane, of the waveguide spot-size converter to the micro-ball lens,
is expected to require much more process development and this is discussed further in Section
8.4.2.
8.4 Process Development
A prototype design for coupling light from a Si3N4 waveguide to a collimated Gaussian beam
in free-space via an SU8 spot-size converter and micro-ball lens is shown in Figure 8.14. This
design consists of two sample chips. The photonics chip has the Si3N4 waveguides and SU8
spot-size converters, the second chip acts as a carrier for the first with registration blocks to align
the photonics chip and act as lens receptacles. An SU8 spin-coating processes that can provide
a thickness of 5 µm is required for the spot-size converter. A second process is required that can
provide a sufficiently thick film to fulfil the dual purpose of supporting the micro-ball lens at a
suitable height and serve as registration blocks for the photonics chip. The registration block
and lens receptacle are written in one stage of electron beam lithography to ensure alignment.
SU8 is developed using propylene glycol methyl ether acetate (PGMEA) or the commercially
available developer Microposit EC solvent.
8.4.1 SU8 Waveguide
A spot-size converter is to be used to expand the mode diameter from the Si3N4 waveguide
in order to reduce the diffraction of the beam in free space. The underlying principle of the
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Figure 8.15: Measurements of SU8 film thickness using a Filmetrics thin film mapping tool
(left) and a Dektak stylus profilometer (right). The filmetrics measurement was conducted up a
a SU8 film deposited by spin coating at 3000 rpm. A “goodness of fit” of 1 would be a perfect fit.
Right: The Detak measurement was conducted on the sample film that were deposited using spin
coating speeds of 2800 rpm and 3000 rpm; the film corresponding to a spin speed of 3000 rpm
exhibits edge-beading due to the solvent cleaning method used to expose some of the substrate.
spot-size converter is that the high index waveguide forms a taper within a larger, lower index
waveguide core. The tapering of the high index waveguide allows for the effective index of the
waveguide to be gradually reduced in the axis of propagation until the effective index matches
the that of the larger, lower index waveguide. SU8 was chosen as the material for this larger,
lower index waveguide because it has an index between those of Si3N4 and SiO2, it is routinely
deposited in layers from 2-200 µm in a single spin-coating process, and it is a negative tone
electron beam lithography resist already available in the JWNC.
A SU8 thickness of 5 µm is desired for the SU8 waveguide. According to the data-sheet for
SU8 3000 series [138], the target thickness can be realised by spin coating SU8 3005 with a
spin speed of 3000 rpm. Test samples were prepared using spin speeds of 2800 rpm and 3000
rpm. These two film thicknesses were characterised using the Dektak stylus profilometer and
film spun at 3000 rpm was also characterised using the Filmetrics thin film mapping tool, this
measurement data is shown in Figure 8.15. This sample was characterised by ellipsometry to
find the refractive index as a function of wavelength. The SU8 film was found to have a refractive
of 1.57 at a wavelength of 780 nm, this data was used in the simulations in Section 8.2.1. To
test the SU8 waveguide process, samples were designed and fabricated using many of the same
process steps detailed in Chapter 5. The key differences are that the waveguide core layer is the
resist in this case, so no etching or lift-off is required, and the electron beam dosage is much
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lower for SU8 than it is for HSQ. The required dosage for SU8 waveguide was 4, much lower
than the dose of 1300 used for written waveguide patterns in HSQ. This means that the highest
resolution electron beam can be used without violating the maximum clock frequency of the
VB6 pattern generator and still result in relatively short job times. For this reason, the 1 nA
(4 nm) beam was used to write the SU8 waveguide pattern.
The exposed SU8 was developed using PGMEA for about 5 min resulting in clear waveguide
features. For the first set of test SU8 waveguide samples, only the 5 µm wide waveguides were
included in the design despite the design principles outlined Sections 5.1 and 6.1. This resulted
in test samples that made it very difficult to perform the optical alignment required for testing.
Another set of samples were fabricated following the previously established design principles
and it is the images captured during testing of these samples that were used to illustrate the
alignment technique in Figure 6.3. A microscope image of one of these test samples is shown in
Figure 8.16.
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Figure 8.16: Microscope image of a triplet of 5× 5µm waveguides, a 40 µm wide slab waveg-
uide, and a single 5×5µm waveguide
8.4.2 Registration Blocks And Micro-ball Lens Receptacle
The registration blocks on the carrier chip are to be used to determine the alignment of the
photonics chip in the plane of the two chips. In this case the distance between the waveguide
facet on the photonics chip and the micro-ball lens receptacle is determined by the lithography
of the carrier chip. The benefit of writing the registration blocks and micro-ball lens receptacle
in one pattern is that these features are automatically aligned. The transverse alignment in the
plane of the chip is now determined by the distance between the waveguides and the parallel
chip edge in contact with the registration blocks. The chip edge is to be cut parallel to the
waveguide using a diamond blade dicing saw. Distance markers can be patterned in the SU8
to provide a visual cue of the desired edge position. The edge can be then be polished back to
the desired position using the same polishing technique used to establish the waveguide facets.
The same polishing tool can be used to perform bulk material removal on the underside of the
photonics chip to lower the SU8 spot-size converter to the desired height. There is no way to
use lithography markers to assist in this process and so the precision of the sample thinning is
limited to 10 µm by the polishing tools micrometer. The diameter of the micro-ball lens has a
tolerance of±2.5µm [162] which further compounds this issue, this does not however effect the
transverse alignment in the plane of the chip or the alignment in the optical axis. An attempt was
made to measure the micro-ball lens diameter by microscopy using image analysis techniques
(see Figure 8.17) but with this method the micro-ball lens diameter could only be measured
with a precision of around 20 µm. These limitations could potentially be overcome using optical
characterisation of the collimated beam to determine the quality of waveguide-lens alignment
and thinning the sample further if required in an iterative fashion. An alternative method of
achieving vertical alignment would be to etch a recess in the carrier chip that the photonics chip
would rest within, this method could eliminate the need for the SU8 registration blocks and
could potentially be used to form some sort of micro-ball lens receptacle. This method would
require the development of an etch process which is why it was not pursued, however it would
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Figure 8.17: A microscope image of the micro-ball lens taken using a ×20 objective lens.
mean that the etch depth could be measured with great accuracy using an interferometer such as
in Figure 5.10.
No specific requirement for the height of the registration blocks has been determined but
the micro-ball lens receptacle must be tall enough to raise the ball from the sample in order to
locate it precisely. The functionality of the registration blocks was verified simply by preparing
a square silicon test chip and pushing that test chip against the registration blocks. The blocks
remained intact and the test chip remained in place once pushed against the blocks. Adhesive
could be used to fix the photonics chip in place once aligned to the registration blocks. The initial
design of the micro-ball receptacle consisted of a ring with an inner diameter of 280 µm and an
outer diameter of 380 µm. Using the Pythagorean theorem, the centre of the 1 mm micro-ball
lens would be found at 480 µm above the receptacle if the inner diameter of the receptacle were
in contact with the lens. To ensure that the lens is properly seated in the receptacle and not simply
rolling within it on the silicon substrate, the SU8 must be > 20µm thick. The data-sheet [138]
was once more consulted and ultimately a spin coating process was found to deposit ∼ 23µm of
SU8 using SU8 3050 and a spin speed of 1000 rpm. This characterisation was performed using
the Dektak stylus profilometer (see Figure 8.18). The first batch of samples produced received
a soft bake (prior to lithography) of only 3 h at 90 ◦C which resulted in delamination of the
SU8 during the development phase. Following samples received a soft bake of ∼ 18h at 90 ◦C
resulting in mechanically stable SU8 registration blocks. The exposed SU8 was developed using
PGMEA for about 20 min resulting in clear features.
The initial design was entirely dependent upon the lens being placed in the correct position
in order for it to seat correctly within the receptacle, this proved to be very difficult to do by hand
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Figure 8.18: The step height of the SU8 film is measured by Dektak stylus profilometer. The
film thickness is greater than 20 µm as required.
given the small size of the lens and the receptacle. The second iteration of the micro-ball lens
receptacle design invoked the principle of self-assembly to assist in placement of the micro-ball
lens. The basic principle is that the ball lens is to be pushed down a two dimensional “funnel”
until it is longer resting on the substrate but instead on the guide rails of the funnel, the lens is
raised to it’s highest point at the bottom of the funnel and then falls into the circular receptacle
of the same inner and outer diameter as before. It was a test sample with this design that was
characterised using the Dektak stylus profilometer to provide the surface profile in Figure 8.18.
Lens placement using this structure was tested and found to successfully guide the lens toward
and subsequently contain it within the circular receptacle (see Figure 8.19). This design could
be further improved by employing some sort of mechanism to apply downward pressure to the
lens and hold it in position or using an adhesive to fix the lens position. This design iteration
can only be transported with extreme caution without resulting in dislocation of the lens.
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Figure 8.19: The micro-ball lens is placed in the mouth of the “funnel” and pushed with tweezers
towards the lens receptacle. It raises up at the funnel mouth and falls into place within the
receptacle.
8.5 Discussion
Progress has been made towards realising efficient coupling of 780 nm light from a Si3N4 waveg-
uide to a collimated free-space Gaussian beam within the context of a developing an on-chip
interferometer for measuring the displacement of the MEMS gravimeter. The transmission
through an SU8 spot-size converter was simulated and found to approach a normalised transmis-
sion value of 1 within a taper length of 10 mm for SU8 cross-sections of 5×5µm and 6×6µm.
Choosing the 5× 5µm cross-section allows for a reduction in taper length by about a factor
of 2 compared to the 6× 6µm cross-section while still realising total power transmission. The
return power for the waveguide interferometer was determined analytically taking into account
the reflectance of the SU8 waveguide facet and silicon proof mass. The free-space divergence
of the Gaussian beam was found to be the dominant loss mechanism for the propagation dis-
tances required and so a scheme has been conceived to collimate the Gaussian beam by a micro
optical bench approach. A 1 mm micro-ball lens was chosen to collimate the beam and the mis-
alignment of this lens is considered by a combination of ray transfer matrix analysis, numerical
modelling, and the Lumerical FDE solver. The alignment in the vertical axis z was found to
pose the most stringent alignment tolerance. Processes have been developed to produce proto-
type SU8 waveguides, registration blocks, and micro-ball lens receptacles. Further development
of these processes is required but this will be pursued in future work.
There are however a number of issues that still need to be resolved. The proof mass reflec-
tivity is still low and non uniform throughout its cross-section. This could be improved upon
with the addition of a mirror-like surface. This could be achieved by angled metal deposition
to produce a metal surface on the edge of the proof mass or more simply by fixing a mirror on
top of the proof mass such that the optical plane is raised above the plane of motion of the proof
mass. The effect of these proposals on MEMS gravimeter performance has not been considered.
Imperfect beam collimation would result in return power coupling which is a function of proof
mass position. This is undesirable because the intended application is to determine the position
of the proof-mass by interpreting the interferogram resulting from the outgoing and returning
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beams. If this effect proved significant, then the interferogram signal would be significantly
weaker for greater proof mass displacement and result in reduced sensitivity.
Chapter 9
Conclusions And Future Work
9.1 Conclusions
The goal of this work has been to further the development of a chip-scale atomic system based
upon the D2 transition of 87Rb atoms by developing a waveguide platform, consisting of a silicon
dioxide bottom cladding, a silicon nitride waveguide core, and a silicon dioxide top cladding,
that is compatible with a wavelength of 780.241 nm. Micro-ring resonators have been the fo-
cus of this development because they are a useful tool for characterising the performance of
a waveguide platform and could proof to be a useful as a frequency reference for stabilisation
of a diode laser in an integrated chip-scale atomic system. A record high Q factor value of
(1.38±0.04)×106 has been demonstrated for buried waveguide micro-ring resonators operat-
ing around 780 nm corresponding to a propagation loss of 0.261±0.009 dB cm−1. The Q factor
has been optimised by reducing the sidewall scattering loss and operating in the under-coupled
regime of the micro-ring resonator. Utilisation of the micro-ring resonator as a frequency refer-
ence for laser frequency stabilisation has been explored by investigating the thermal dependence
of the micro-ring resonance peak position. Negative thermo-optic polymers PMMA and SU8
have been characterised and considered as potential top cladding layers which could reduce the
temperature dependent shift of the resonant wavelength. Further development of the waveguide
platform has included work towards a free-space coupled interferometer for measuring the dis-
placement of a MEMS gravimeter proof-mass. This included the process development for SU8
waveguide spot-size converters, registration blocks, and micro-ball lens receptacles.
The ray optic and electromagnetic theory pertaining to planar optical waveguides is dis-
cussed in Chapter 2. This forms the basis of coupled mode theory and provides context for
subsequent simulations of waveguide properties. From coupled mode theory, an analytical so-
lution is found for the coupling coefficient of the micro-ring resonators characterised in this
work. This is based upon the coupling between two parallel similar waveguides but is adapted
to the particular geometry presented by a straight bus waveguide coupled to a circular micro-
ring resonator. The Lacey-Payne model of scattering loss is introduced, this model suggests that
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scattering loss can be reduced by increasing waveguide width and by reducing the index contrast
between the waveguide core and cladding.
The simulation tools used to determine the essential design parameters for silicon nitride
waveguides and micro-ring resonators are introduced in Chapter 3. The predominant simulation
tool used in this work was the finite difference eigenmode (FDE) solver. One dimensional FDE
simulations wre used to decide upon appropriate thickness for the bottom and top cladding layers
and the core layer. A 4 µm thick SiO2 bottom cladding was found to be sufficient to reduce loss
due to substrate leakage for a TE0 mode in a 200 nm thick Si3N4 core. A top cladding layer of
1 µm thick SiO2 was found to adequately suppress slab mode formation in the top cladding, an
experimental issue caused by imperfect in-coupling. Two dimensional FDE simulations were
used to find the effective index of the first few TE and TM modes supported by a 200 nm thick
waveguide core as a function of the waveguide width. The overlap integral of curved and straight
waveguides was determined for a series of widths and bend radii leading to the conclusion that
a radius of 300 µm (the radius of all the micro-rings discussed in this work) can be considered to
be equivalent to a straight waveguide and therefore does not introduce additional radiative loss
due to the bend. The even and odd effective indices of a coupled pair of similar and parallel
waveguides was found and used to determine the coupling coefficient of the rings tested in this
work from the analytical solution derived in Chapter 2. The Lacey-Payne model has been used to
estimate the sidewall scattering induced loss of 200 nm thick Si3N4 waveguide with and without
SiO2 top cladding layers. This informed the design decision to increase the waveguide width in
order to optimise the micro-ring Q factor and provided further motivation for the development
of an index matched SiO2 top cladding layer which did not result in the slab mode formation
that prevented characterisation of the micro-ring resonators. The eigenmode expansion solver
used in Chapter 8 to simulate the inverse taper spot-size converter was also explained in Chapter
3 for the sake of completeness.
The performance of a micro-ring resonator was modelled analytically, the results of this
modelling are reported in Chapter 4. The normalised power transmission of an all-pass micro-
ring resonator was derived and this equation was used in Chapter 6 to determine the micro-ring
resonator field amplitude loss coefficient by parameter estimation, the waveguide propagation
loss can be determined from this value of the length of the micro-ring resonator. The behaviour
of the Q factor, resonance peak amplitude, and slope gradient of a micro-ring resonance peak is
determined a function of the coupling parameter κ . This lead to the conclusion that Q factor can
be optimised by increasing the gap spacing of the evanescent coupling section in order to operate
in the under-coupled regime and so this informed the design of the micro-ring resonators.
The fabrication processes developed in order to realise the silicon nitride waveguide platform
are explained in Chapter 5. Silicon wafers 6 ” in diameter are used as the substrate for depo-
sition of the bottom cladding and core layers. The bottom cladding is formed by wet thermal
oxidation and the core layer is deposited by low pressure chemical vapour deposition. Hydrogen
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silsequioxane was used as an electron beam lithography resist and as an etch mask for trifluo-
romethane reactive ion etching. Sulphur hexafluoride reactive ion etching may result in smoother
sidewalls and presents a potential avenue of further process development in future work. Waveg-
uide facets were prepared either by cleaving the sample or by dicing the sample using a diamond
saw and polishing the exposed waveguide facets prior to device characterisation. Lithography
patterns were designed using the Python-3 based tool Nazca Design™ and prepared for electron
beam lithography using a combination of commercial and custom software.
The micro-ring resonators were characterised using the method presented in Chapter 6.
Transmission spectra were recorded by sweeping the frequency of a tunable 780 nm Ti:sapphire
laser and detecting the transmitted power using a silicon photodetector. The recorded spectra
were analysed using regression analysis to fit a Lorentzian distribution and the normalised power
transmission equation to the raw data by the method of least squares in order to perform param-
eter estimation. This allows for the Q factor and waveguide propagation loss to be determined
along with other key attributes of micro-ring resonators. The potential of the 1.4 million Q fac-
tor micro-ring resonator to be used as a frequency discriminator for laser stabilisation was also
briefly discussed.
Utilisation of the 1.4 million Q factor micro-ring resonator as a frequency reference is ex-
panded upon further in Chapter 7 by considering the temperature dependence of the resonance
peak position for micro-rings with the same core dimensions and a series of top cladding ma-
terials. The resonance peak position of this micro-ring with the SiO2 top cladding was found
by simulation to have a temperature dependent wavelength shift of 7.34 pm K−1. From this, is
determined that active temperature stabilisation of±27mK would be required to use this micro-
ring as a frequency reference. The finite difference eigenmode solver is used to optimise the
thickness of negative thermo-optic top cladding materials PMMA and SU8 in order to reduce
the temperature dependent wavelength shift of the resonance peak position. A required tempera-
ture stability of ±167mK is found for 500 nm thick PMMA and ±1.43K for 290 nm thick SU8.
A fabrication tolerance of ±5nm is assumed for the thickness of these potential top cladding
layers because they are familiar resist materials.
Coupling from a silicon nitride waveguide to a free-space Gaussian beam has been inves-
tigated within the context of developing an interferometer for measuring the displacement of a
MEMS gravimeter proof-mass as reported in Chapter 8. An inverse taper spot-size converter
with an SU8 waveguide has been designed in order to expand the mode diameter and thereby
reduce the beam diffraction. The reflectivity of the SU8 waveguide and silicon proof-mass
have been considered and the diffraction of Gaussian beam still proved to be the dominant loss
mechanism for the return beam and so a collimation lens would be required. A 1 mm diameter
micro-ball lens has been chosen for this purpose and the alignment tolerance has been simulated
using a combination of ray tracing matrix analysis, numerical modelling, and the finite differ-
ence eigenmode solver. SU8 waveguides, registration blocks, and micro-ball lens receptacles
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have been successfully demonstrated. The alignment in the z axes will proof to be the most
significant fabrication challenge and although means to address this have been discussed, the
alignment procedure will require further development in future work.
9.2 Future Work
There is still some development required to improve upon the silicon nitride waveguide plat-
form demonstrated in this work. To perform a direct measurement of waveguide propagation
loss would help in designing photonic components in the future. This could be done by fabricat-
ing waveguide of different lengths and measuring the resulting loss of each waveguide which is
known as the cut-back method [102]. This would require consistent power coupling throughout
the rest of the system optical path and so could not be realised with cleaved waveguide facets
which are inherently inconsistent. The dicing and polishing process facilitates this type of exper-
iment but this process became available late into this research. The obfuscation of the waveguide
mode due to slab mode formation in the cladding is believed to be caused by scattering light at
the point of in-coupling from the lensed fibre to Si3N4 waveguide via free-space. This could
be reduced by improving the in-coupling and could be achieved using an SU8 spot-size con-
verter, possibly in conjunction with micro-ball lens as outlined in Chapter 8. Metalisation of
the top cladding surface could lead to the development of components such as thermally tuned
micro-ring resonators, phase modulators, and optical switches. Further integration is possible
by including diode lasers and photodetectors on-chip.
There are many potential avenues for expanding upon applications of the Si3N4 waveguide
platform. Some of these were considered in detail but could not fit within the scope of this
work. Primary among these are frequency stabilisation of a diode laser by the Pound-Drever-
Hall method using a micro-ring resonator as a frequency discriminator, atomic systems requiring
atom trapping and laser stabilisation, and resonant micro-optic gyroscopes utilising the Sagnac
effect in large area micro-ring resonators to sense rotation. Research areas which have not
received the same level of attention include but are not limited to filters, delay lines and switches
[40], a source of frequency comb generation [48], a source of entangled photon pairs [49], and
light detection and ranging (LIDAR) [163].
9.2.1 Pound-Drever-Hall Laser Frequency Stabilisation
Pound-Drever-Hall (PDH) is a laser frequency stabilisation scheme developed for interferomet-
ric gravitational wave detectors [132, 164] based upon previous work on the stabilisation of
microwave oscillators [165]. The transmitted power of an all-pass micro ring resonator is equiv-
alent to the reflected power from a free-space Fabry Pérot cavity. One of the benefits of PDH is
that the laser intensity fluctuations are decoupled from laser frequency fluctuations. In the side-
of-peak locking method, a change in laser frequency is detected as a change in power transmitted
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through a resonator and so is indistinguishable from a change in laser power. If the fluctuations
in transmitted power were to be minimised (held at zero in the case of critical coupling) by ac-
tuating upon the laser frequency then this would be independent of the laser intensity. However,
the spectral response is symmetric around the resonance peak and so there would be no way to
determine in which direction the frequency has shifted. The derivative is anti-symmetric around
the resonance peak, approximately linear close to the peak centre frequency, and crosses through
zero on resonance (see Figure 4.4). It is therefore the ideal signal for controlling the tuning of
the laser to achieve frequency stabilisation [132, 164], this is called the error signal.
The error signal can be found by modulating the frequency of the input laser light and de-
modulating the detected signal. This is fundamentally a derivative of the transmission spectrum
as the frequency is changed slightly (modulation) and the resulting change in transmitted power
is measured. The local oscillator signal used to drive the modulator is also passed into a mixer
along with the detected power signal, effectively multiplying these signals together, resulting in
an output signal with a low frequency component and a frequency component about twice the








where ωLO is the local oscillator frequency and ωm is the modulation frequency, ideally ωm =
ωLO. A low pass filter is used to remove the high frequency component leaving only the low
frequency component which is the desired error signal. The amplitude of this signal is linear
and proportional to the frequency offset from the desired set-point. An ideal layout is shown in
Figure 9.1. In practise a phase shifter may be required to ensure the oscillator signal used for
demodulation is in phase with the modulated signal and an optical isolator maybe required to
prevent reflection from entering the laser and causing instability.
9.2.2 Sagnac Gyroscope
Sagnac interferometry measures a phase change in light caused by rotation. Light from a laser
is split into two paths which counter-propagate in a closed loop before they are detected at the
interferometer output using a photodetector. At rest these light waves will have the same phase
but if the interferometer is rotating then this will cause an equal and opposite phase change for
the counter-propagating waves. Mathematical derivations pertaining to the Sagnac effect can
be found in Appendix B. The phase shift is given by Equation B.7. If instead of passing only
once through the interferometer, light resonates within an optical resonator such as a micro-ring
resonator, then this phase shift will occur for each round trip through the resonator. This results
in counter-propagating light waves experiencing different resonant frequencies within the same
resonator. The difference between these resonant frequencies is considered for multiple different
reference frames in Appendix B. An integrated resonant micro-optic gyroscope (RMOG) with







Figure 9.1: Layout for locking a laser to a micro-ring resonator frequency reference using
Pound-Drever-Hall frequency stabilisation. The radio frequency oscillator provides the sig-
nal for the frequency modulator and the demodulation signal used in the mixer. The output is
low-pass filtered to produce the desired error signal.
micro-ring resonator, source, and detectors on chip corresponds to co-rotating interferometer
and propagation medium, the frequency difference in this reference frame is given by Equation
B.48.
The shift in resonance could be tracked by methods analogous to those used for laser fre-
quency stabilisation. There is the side-of-peak method in which there is a set operating point
corresponding to the transmitted power half way up the resonance peak. The power transmitted
from one of the two co-rotating paths used as an error signal for a feedback loop which con-
trols the frequency of the input laser. In the open loop configuration, the second optical path is
unaltered and so the dynamic range of the gyroscope is limited to the corresponding frequency
shift enveloped by one side of a resonance peak. In a closed loop configuration, a frequency
shifter is introduced in the second optical path, the transmitted power of this optical path is
used as an error signal for a feedback loop controlling the frequency shifter, this configuration
is illustrated in Figure 9.2. In this configuration, the error signal from either the laser stabili-
sation or frequency shifting control loops provides the rotation signal. The Pound-Drever-Hall
method could be used instead of the a side-of-peak method. This would require that two light
paths are frequency modulated before entering the resonator, the transmitted signals would be
demodulated and low-pass filtered to provide PDH error signals used to control the laser sta-
bilisation or frequency shifting control loops. A double-closed resonant micro-optic gyroscope
with a phase modulator operating as a frequency shifter by applying a stair-like digital serrodyne
waveform has been demonstrated experimentally with a silica (glass) waveguide micro-ring res-
onator [166].
The gyroscope output signal is proportional to the area enclosed by the micro-ring resonator.
Fabricating a large area micro-ring resonator using electron beam lithography could result in
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Figure 9.2: The laser beam is split and each path is frequency modulated prior to coupling into
the micro-ring resonator and the transmitted beam is detected and demodulated. The demodu-
lated signal from one path provides the error signal for stabilising the laser while the error signal
from the other path provides the output signal and is used to control the frequency shift driver.
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stitching errors within the resonator. Heretofore all micro-ring resonators in this work have been
smaller than one main field of the VB6 electron beam lithography tools and so the micro-rings
did not exhibit any stitching errors because samples were designed such that the rings were
within the main fields. Stitching errors can be avoided by using photolithography instead of
electron beam lithography, this would require further process development to find a suitable
photoresist and exposure time to produce the waveguide features without introducing roughness
or over-exposing the coupling region. The critical dimension (minimum feature size) for the
photolithography tools in the JWNC is of the order 1 µm and so the size of the coupling gap
would need to be much larger than it typically has been in this work, typically a few hundred
nanometers. It may be necessary to design racetrack type micro-ring resonators to ensure ad-
equate power coupling into the resonator. A racetrack micro-ring resonator is more simple to
design that a circular micro-ring resonator because the coupling region could be treated as two
parallel waveguides simplifying the coupling coefficient calculation.
Equation B.72 can be used to find the minimum resolution expected for a given setup. As-
suming the setup shown in Figure 9.2 is used with a 1 mW DFB laser, with a relative intensity
noise of 140 dB/Hz−1/2 [167], a silicon diode with a responsivity of 0.58 A W−1 [123], load re-
sistance of 50 Ω [123], bandwidth of 0.05 Hz (10 s integration time) [168]. For this setup the
minimum detectable rotation rate can be calculated as a function of resonator path length for a
series of potential waveguide propagation losses, the result is shown in Figure 9.3. The simula-
tion results are compared with the shot noise limited sensitivity stated in literature for a few res-
onant micro optic gyroscopes with the same laser power and integration time [168–173]. These
RMOGs consist of micro-ring resonators with high Q factor values of 1.5-7 million. Therefore
very low loss silicon nitride waveguides (lower than have been reported here) would be required
to realise similar shot noise limited resolution for similar laser power and integration time. For-
tunately this application can take advantage of the low losses achievable for longer wavelengths
such as 1550 nm where propagation losses as low as 0.045 dB m−1 have been demonstrated for
the low confinement waveguides (films < 100nm) at 1580 nm and (0.13 dB m−1) for high con-
finement waveguides (films > 400nm). Design techniques such as a spiral ring resonator [173]
allow for a dramatic increase in the effective area of the of the micro-ring resonator leading to
increased sensitivity without having to increase the footprint of the end device. There have also
been many proposed designs [168, 174, 175] consisting of multiple coupled resonators.
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Figure 9.3: Rotation rate resolution is predicted for resonant micro optic gyroscopes as a func-
tion of resonator path length for a range of possible waveguide propagation loss values. Values
for shot noise limited sensitivity found in literature are plotted for comparison.
Appendix A
Scattering Model Derivations
A.1 Integral Of Spectral Density Function
Equation 2.88 is now solved by first substituting in equation 2.84 to express this integral in terms









where Ω = β − n2k0 cosθ . Upon substitution of the exponential form of the auto-correlation











Lc eiΩudu dθ . (A.2)
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where sgn(u) is the sign function such that for positive values of u, sgn(u) = 1 and for negative
values of u, sgn(u) = −1. Substituting this back into equation A.2 and remembering that Ω =











Consider the general case of the Sagnac effect in a ring interferometer. The counter-propagating
waves have a round trip propagation length (in the stationary frame), l±, and a phase velocity,
v±ph.
Where
l± = 2πR±RΩt± (B.1)
given by combing the stationary round length and the distance given by multiplying the
tangential velocity (RΩ) by the change in round trip propagation time due to rotation (which





uses Einstein velocity addition from special relativity to combine the phase velocity of the
light and the tangential velocity due to rotation [177, 178].
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To find the difference in propagation times for the counter-propagating in the co-rotating refer-
ence frame the Lorentz transformation is used [177, 178]























Multiply this change in propagation time by the angular laser frequency to find the phase differ-
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In the limit such that
RΩ c (B.6)







B.2 Geometric optical theory











is separated into its spatial component, a closed line integral of the wave vector~k, and its tem-
poral component, an integral of the lights frequency between t = 0 and t = τ where τ is the
circulation time for the light for stationary loop. By multiplying this by Planck’s constant this








Therefore action, S, and phase, φ are related invariants for general space-time transformations.
If light circulating in a closed loop interferometer is subjected to a displacement,~q, due to a
velocity, ~v, the phase is a general invariant and should be unaffected if the change in boundary
conditions are accounted for.











The Sommerfeld-Runge law gives
∇×~k = 0 (B.12)
























If a coherent light source is co-moving with the interferometer and its propagation medium,
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we can be sure that
δω = 0. (B.15)
In a linear medium
ω = ku (B.16)
where u is the phase velocity of light in that medium.







Here, δu is the change in phase / effective propagation velocity in the moving medium as seen
by a station observer. As an approximation, it is assumed that










is the Fresnel-Fizeau drag coefficient in the co-rotating reference frame, ~v is the tangential ve-
locity vector, d~rds is the unit vector tangent to the beam direction where d~r is a vector line element
and ds is a scalar line element such that
ds2 = d~r ·d~r.
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Due to phase invariance, (B.10),
2πδT = 2πδZ (B.25)





But this one for one path only. When considering two paths the differience in circulation time is















Allow for the expression











Applying Stokes theorem ∮
~v ·d~r =
∮
∇×~v ·d~A = 2Ω ·A (B.32)











B.2.1 Co-rotating reference frame: Interferometeric phase difference







The phase difference between two counter-propagating completing a revolution as given by
(B.34) now becomes




This is true for a moving ring interferometer (source, mirrors, detectors) with passive co-moving
medium as is the case of interest. The crucial assumption here is that δω = 0.
B.2.2 Co-rotating reference frame: Resonant frequency difference
For an resonant cavity, active or passive, the phase must not change in order to satify the reso-
nance condition. There must be no fringe shift. There is now a difference in frequency between
the counter propagating waves.
δφ = δZ−δT = 0 (B.37)
because
δZ = 0 (B.38)
and
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this effect is simply doubled when comparing the co-rotating and counter co-rotating paths∣∣∣∣∆ωω
∣∣∣∣= ∆ττ (B.43)








Where L is the total path length. Now (B.43) becomes∣∣∣∣∆ωω
∣∣∣∣= 4Ω ·Ac2 n2(1−α) · cnL = 4Ω ·AcnL n2(1−α). (B.45)
If
α = 1− 1
n2
(B.46)











B.2.3 Rotating interferometer, stationary medium: Interferometric phase
difference
The propagation velocity is being observed in a frame of reference in which the medium is at
rest, therefore
δu = 0. (B.49)
Using (B.17) and (B.49)
δk = 0, (B.50)
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B.2.4 Rotating interferometer, stationary medium: Resonant frequency
difference
For a medium that appears stationary to the observer, the Fresnel drag coefficient is
α = 0 (B.54)





Using (B.43), (B.44), and (B.55)∣∣∣∣∆ωω










B.2.5 Stationary interferometer, rotating medium: Interferometric phase
shift
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B.2.6 Stationary interferometer, rotating medium: Resonant
Using (B.43), (B.44) and (B.62)∣∣∣∣∆ωω










For medium rotating within fixed boundaries the Fresnel drag coefficient with the Lorentz
correction is used







For medium rotating within movable boundaries the Laub drag coefficient is used







B.3 Deriving minimum resolution
Minimum detectable angular rate can be estimated by translating uncertainty in light intensity





where δ i is the noise rms current due to amplitude noise (shot noise, thermal noise, and laser










where R = qηhν , in units of A W
−1, is the responsivity of the photodiode, h = 6.626× 10−34Js
is Planck’s constant, ν is the optical wave frequency in Hz, η is the quantum efficiency [90].
For real results it is important that real input power is used to find |E|2 and not the normalised
form shown above, this can be achieved simply by multiplying the normalised |E|2 by the input
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where iD = R|E|2 is the maximum photodiode current q = 1.6×10−19C is the fundamental
electric charge, kB = 1.38×10−23 J K−1 is Boltzmann’s constant, RL denotes the photodetector
load resistance, RIN is the relative intensity noise of the laser, usually expressed in dB Hz−1,
and B is the photodiode bandwidth in Hz, with B = 1
τPD
where τPD is the integration time of the
photodiode [90].


















In order to model this, equations for δ i and ∂ |E|
2
∂φ
are required and the variables contained therein.
The max value is taken for ∂ |E|
2
∂φ
and used to find the minimum rotation rate resolution for varying
resonator circumference. Equation B.72 can be considered as a scale factor,
c2
2ω0A
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